SCHOOL OF COMPUTER SCIENCE
Whisker-Inspired Sensors for

Unstructured Environments

Teresa A. Kent

CMU-RI-TR-24-80
Submitted as part of the requirements for the thesis proposal for the degree of

Doctor of Philosophy

Thesis Committee:

The Robotics Institute
Sarah Bergbreiter (advisor)

Carnegie Mellon University

Mitra Hartmann
Pittsburgh, PA, USA

Zeynep Temel

Victoria Webster Wood

01,/09/2025



Abstract

Robots lack the perception abilities of animals, which is one reason they can not
achieve complex control in outdoor unstructured environments with the same ease as
animals. This thesis focuses on increasing the perception ability of the bio-inspired
whisker sensor, an underdeveloped sensor for robotic perception in contact mapping
on terrestrial robots and airflow during a drone flight. Prior work into engineered
whisker-inspired sensors demonstrates that the whisker’s high compliance, sensing
in low visibility, and 3D perception abilities are assets for robotic sensing. Here,
we enhance the benefits of prior whisker-inspired sensors by developing sensors and
algorithms that are robust to three confounding signals we consider as likely to
occur in unstructured environments: 1. objects with compliance 2. simultaneous
signals (e.g., wind when trying to sense contact) 3. wind during flight. Through
our development of the sensors and algorithms, we found key insights that could be

applied to future engineered whisker sensors.

The most popular contact mapping algorithm assumes contact does not occur
on compliant surfaces, surfaces that are prevalent in real-world environments. We
demonstrate that a sensor that compares the output of this contact point estimation
algorithm with a second contact point estimation algorithm can quantify the diver-
gence between the two estimates. This divergence metric indicates the likelihood
that the no-compliance assumption has failed. The metric provides insights into
the whisker sensor’s environment and allows a robot platform to rely on precision

estimates until there are indications of algorithm failure (Chapter 2).

In a sensor called WhiskSight, we demonstrated how global stimuli (airflow, body
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motion) affect an array of whiskers uniformly while local stimuli (contact) affect each
whisker in an array differently. This distinction allowed an algorithm to distinguish
the source of whisker response between contact, airflow, and body motion occurring
simultaneously, eliminating prior requirements for the whisker sensor to know the
stimuli it measured (Chapter 3).

The WhiskSight sensor provided the key insight into our work on flow sensors
for quadrotors: comparing signals from an array of whisker sensors could be more
informative than averaging single sensors. In the two flow arrays we created we used
different methods to create whiskers with asymmetric sensitivity to flow based on
flow heading. When we compared the signals of all the whiskers in the array, the
signals illuminated causal flow measured on a quadrotor. In Chapter 4, the whisker
sensors’ cross section was asymmetric, and varying the orientation of the whisker
led to different response strengths, improving flow heading prediction accuracy by
19%.

In Chapter 5 and 6, the asymmetry was generated using a densely packed whisker
array. This array made it possible to distinguish two simultaneous flow headings,
which is important as quadrotors experience both motion-inducedd drag and wind.
With a 2 x 2 array of densley packed whiskers we could predict the heading of a

second flow source with a Root Mean Square Error of 5.3°.
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Chapter 1

Introduction

1.1 Motivation

Arrays of hair-based sensors (i.e., whiskers and specialized insect hairs) are essential
for biological perception [1]. The fascinating thing about these hair sensors is the
nuanced understanding of the environment that the hair bending gives the creature
despite there being no mechanoreceptors anywhere but at the base of the hair.
Contact whiskers provide essential signals for navigation, foraging, and hunting in
low light; water flow whiskers allow seals to distinguish prey movement from general
water flow in low light [2]; and specialized insect hairs generate signals in response
to wind, knowledge essential for flight stability and flight agility [3] (Section 1.2).
Engineered hair-based sensors (termed whiskers in this work) can also facilitate
tasks that robots are still struggling to achieve. However, the development of bio-
inspired whisker sensors is challenging for the same reason they are biologically
inspiring: sensing complex environmental signals by only using signals at the base
of the whisker is difficult.

Despite the difficulty of designing biologically inspired whisker sensors, many
examples of engineered whisker sensors have outstanding abilities (Section 1.3).
Whiskers for contact and airflow have shown surface reconstruction and wind flow
measurement during hovering, respectively. However, engineered whisker sensors

still fall short of the full benefit of whisker sensing, which is precise sensing in un-
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structured environments with noisy signals and various stimuli. This noise does
not cause biological creatures the same interpretation issues that it would cause
engineered sensors; for example, rats can sense airflow and contact with whiskers,
which implies they can distinguish between the two stimuli sources. In this the-
sis, I consider the gaps between biological and engineered whisker sensing abilities
and develop sensors and signal interpretation algorithms to fill the gaps. The me-
chanical differences between biological and engineered sensors provided insights that
inspired the novel sensor development, ultimately increasing the complexity of the

signals engineered whisker sensors can interpret correctly (Section 1.4).

1.2 Biological Hair Sensing

1.2.1 Whisker Sensors

The whisker (vibrissa) is a special type of mammalia hair categorized by being
thicker, stiffer, embedded deeper in the hair follicle, and having a follicle with more
nerve endings than the average hair [1]. This combination of features increases the
whisker follicle’s sensitivity to forces caused by whisker bending during contact/
flow. This increased sensitivity is important because whiskers, like all other hairs,
have no tactile receptors along their length. Instead, the mechanoreceptors are in
the whisker’s follicle at its base; it is believed the rat estimates the whisker’s bend

response to stimuli from its mechanoreceptors’ response [4].

Contact Whiskers:

Researchers have shown that a receptor response unique to each bend would imply
that mammals know the precise contact location along their whisker [4]. A collec-
tion of these 3D contact locations allows mammals to create advanced mappings of
their surroundings. The number and motion of whiskers also improve the speed of
mapping. An array of between 9 [5] and over 275 whiskers [6], of varying length and

stiffness, are on each side of the mammal’s face. The heterogeneity of the whiskers

Chapter 1 Teresa A. Kent 17
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in the array is hypothesized to be important. The motion of the whiskers, called
sweeping, involves the whiskers traveling closer and farther from the nose in search

of contact.

Flow Whiskers:

Vibirssae also exist as flow sensors. The most effective flow-sensing whiskers occur in
pinniped mammals, whose whiskers are longer and have ten times more mechanore-
ceptors at their base than in terrestrial mammals [7]. This combination makes their
whiskers even more sensitive, allowing them to detect small changes in aquatic flow

caused by nearby prey swimming [2].

1.2.2 Hair Flow Sensors
Bat Hairs

Bats also have a set of ultra-sensitive hairs to detect flow. The morphology of these
hairs is distinct from whiskers, and therefore, they are not defined as whiskers. Even
still, they are similar to the whisker in their improved sensing transmission over body
hair [3]. These sensors are predicted to be critical to advanced maneuvers and flight
stability. Researchers substantiated this in a study comparing the flight of a bat
with and without these ultra-sensitive hairs (University of Maryland Institutional
Animal Care and Use Committee approved). In this study, the bats flew faster and
performed wider bank turns without the sensitive hairs on their wings. The authors
hypothesized that the hairs were flow sensors and the bat was underestimating its
speed without the hairs. They also predicted the hairs provided information about

stability, which is why the bats made larger banking turns without the hairs.

1.2.3 Multi Stimuli Sensing

The descriptions of contact and flow sensing represent the primary application of
the hairs for different mammals but not the only ability. Rats can sense airflow even

in sight-deprived environments [8], and pinnipeds (walruses, seals) will use their
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whiskers for contact during feeding [9]. By contrast, some species’ whiskers have
evolved to dampen certain stimuli. For example harbor seals have wavy whiskers
which dampen the stimuli caused by vortex induced vibration caused by the seal’s
swimming in order to focus on external flow [10, 11]. Despite all we know, there are

many open questions regarding the full scope of whiskers’ abilities.

1.3 Robotic Whiskers

Like their biological counterparts, robotic whisker sensors must have all sensing at
or below their base. This makes the engineered sensor less intuitive to develop but
has advantages for robots as there is less likelihood of damaging electronics or the
environment. Robotic whiskers have been shown in surface mapping, airflow, texture
identification [12, 13] and wake following [14, 15] but this summary will focus on
robotic whiskers for contact mapping and airflow as this is related to the work in

this thesis.

1.3.1 Contact Whiskers

Surface mapping performed by robots can benefit from having whiskers because
the strengths of whisker sensing are also the weaknesses of standard robotic surface
mapping techniques. Whiskers work in all lighting and are best at close range,
opposite vision abilities. Whiskers also bend during contact, preventing forceful
contact, which other tactile exploration methods risk, improving safety for both the
robot and the environment. Finally, since there are no electronics along the length,
the body of the whisker can be made with materials like PLA, making it inexpensive
to create an array of whiskers.

Initial tactile whisker sensors demonstrated mapping through binary contact/
no contact signals [16]. However, identifying the 3D coordinates of contact along
a whisker increased the specificity and speed of environmental mapping [17]. For

this advantage, researchers have developed at least nine different algorithms and
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even more sensors to identify the radial contact point on a whisker [18, 19]. If the
contact point is accurate to 10% of the whisker length, the algorithm/ sensor is
considered successful. Each algorithm requires different sensing at the base (e.g.,
timing information about the contact [20-23|, whisker strain [19, 24, 25], whisker
forces [26, 27|, whisker moments [28-31]) and has different limiting conditions. The
most common constraint (seven out of nine algorithms) is the whisker bend at
contact must be small, typically less than 10° - 14°. Another common constraint is
that the object the whisker is contacting should not be displaced due to contact (six
out of the nine). The applications of these methods have been numerous; sensors
have demonstrated classification abilities with only a few contacts [30], and other
sensors have demonstrated advanced shape reconstruction through repeated contacts
[20, 25, 29, 31, 32]. Often, these applications employ arrays of whiskers to improve

the speed and detail of mappings even further.

1.3.2 Airflow Whiskers

Engineered airflow-sensing whiskers deflect under the drag force. The cause of the
airflow can be relative, such as when a whisker is on a moving drone, or global, such
as actual wind. While other sensors on a drone can estimate drone velocity and
wind, dedicated flow sensors have a much smaller list of stimuli that will generate a
flow signal than more general sensors like IMUs. Whisker sensors are preferred over
pitot tubes for their ability to quantify the airflow in multiple directions.

There have been two major types of airflow sensors considered for UAVs. 1.
Micro hairs for flow sensing: Research into arrays of hair flow sensors manufactured
using micro-electromechanical manufacturing techniques has been ongoing for many
years [33, 34]. Most of the work to characterize these arrays has been performed on
a benchtop and in simulation. The micro hairs are more bio-mimetic, but because
of the complexity of adding electronics at that scale, they are often 1D sensors. For
that reason, most papers developing such sensors gear their applications towards

the leading edge of a fixed-wing aircraft where direction of flow in one direction will
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indicate flow attachment or flow separateion/stall.

2. Macro Scale Whiskers: Within the last five years, larger flow sensors have
demonstrated the promise of whisker sensors on a drone to detect the magnitude
and direction of flow on a drone. For example, researchers demonstrated how such a
flow sensor could recreate the drone’s flight path using sensed velocity information
[35]. In a different application, two research labs have published papers on adding
flow information to a drone’s control algorithm; one to identify the source of flow
[36], the second to maintain hover stability [37]. No published sensor has shown the

ability to measure both sources of flow simultaneously.

1.4 Thesis Contribution

In this thesis, I explore methods to increase the perception ability of the bio-inspired
whisker sensor for robotic perception in contact mapping and airflow sensing. I
place a particular emphasis on maintaining engineered whisker sensors’ perception
abilities in environments that have noisy and varied stimuli that could affect the
whiskers. Throughout the work, I consider contact whiskers (Chapter 2), multi-

stimuli whiskers (Chapter 3), and airflow whiskers (Chapters 4, 5 and 6)

1.4.1 Contact Whiskers

Identifying the 3D contact location on a whisker is important for efficient scene map-
pings. In Chapter 2, I demonstrate the advantage of estimating this contact location
using two algorithms instead of one. The leading algorithm for contact localization
assumes that a contact surface is rigid and the whisker never slips. Huet et al. [26]
proposed an algorithm that does not require those assumptions, but applications of
the algorithm are often less accurate as the algorithm requires highly precise signals
for contact localization (Figure 1.1). To overcome these flaws, I designed a novel
sensor capable of collecting the necessary inputs for both algorithms. Additionally,

I put forth a metric to indicate when the assumptions of the first algorithm have
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failed. The combined sensor and metric allow our sensor to perform precise and

accurate mappings without assumptions about rigidity or slip.

Compliant Surface GM - ------ f

Compliant Surface MF | F-=---------- Bl 1

Rigid Surface GM . +l+
Rigid Surface MF [+ k------------ el |

Radial Contact Distance Error [mm]

Figure 1.1: Radial contact distance estimation estimates the location along the
whisker length where contact has occurred. Two algorithms (GM and MF) are
compared on both compliant and rigid surfaces. The GM algorithm is precise but
fails on compliant surfaces while the GM algorithm is less precise but more accurate
on compliant surfaces. For more information, see chapter 2.

1.4.2 Multi Stimuli Whiskers

In unstructured environments, whiskers will be exposed to multiple stimuli which
cause whisker bending. In Chapter 3, I demonstrate a novel sensor and algorithm
to classify three stimuli that affect the whisker: contact, airflow, and body motion
(inertia). Classifying the stimuli is made possible by replacing a single whisker with
an array of whiskers. Every whisker base in the array is monitored by a single camera
(Figure 1.2). The single sensor (camera) minimizes computational and mechanical
complexity. These benefits make it trivial to sync the signals of each whisker as they
respond to the three stimuli. In this configuration, the whiskers have characteristic
responses to each stimulus. In particular, the entire array responds to airflow and
inertial stimuli, while contact only influences some of the whiskers’ responses. Before

this publication [38], whisker sensors had focused on quantifying pre-known stimuli.

1.4.3 Airflow Sensing

Whisker-inspired sensors on drones are relatively recent. While the basic sensor
structure of a drag body with sensing at the base is present in engineered whisker-

inspired sensors, the sensors are considerably distinct from their biological counter-
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Figure 1.2: Here is the view from a camera looking up at the base of an array of
six whiskers. An algorithm tracks the motion of the whisker bases in the camera
frame and makes predictions about the stimuli occurring on each whisker. For more
information, see chapter 3.

parts. One way engineered sensors are distinct is their symmetry. The 2D sensing
symmetry is one of the things that make whisker-inspired sensors advantageous for
drones. In Chapter 4, I demonstrate how small amounts of asymmetry can help
improve the accuracy of flow sensing. I do this using an asymmetric whisker cross
section (Fig. 1.3) so that the strength of the flow response varies based on the flow
heading. This asymmetry is only helpful when there are two or more whiskers. The
variations in the strength response between two whiskers at different orientations
illuminate the causal flow heading. Using the strength comparison of two offset

whiskers, we increased the accuracy of our flow heading prediction by 19%.

The idea of asymmetry to improve flow heading prediction has more benefits
than just improving the detection of flow heading; in Chapter 5, I demonstrate that
a whisker array with an asymmetric response can elucidate two simultaneous flows
incident on the whisker. A flow sensor on most drones will experience at least two
flow sources, the self-generated flow (drone’s motion) and the environment-generated
flow (wind). Defining the magnitude and velocity of the two flow sources also re-
quires an array of whiskers. However, the array alone is insufficient because when

the stimuli sources are the same (airflow), the sensed signals have no characteristic
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Figure 1.3: The design of a whisker sensing array can create whiskers which will have
a asymmetric stregth response to flow based on flow heading. In this work we do this
two ways. On the left using an ansymmetric whisker shape and on the right using
a densley packed array of whiskers to block flow to downstream whiskers. When
designed well, arrays of asymmetric whiskers can improve flow heading detection
(Chapter 4) and allow for the distinction of two flow sources (Chapters 5 and 6).

differences. To differentiate the two signals, I use another whisker array for which
the signal response depends on the flow heading. In this array, the whiskers are
densely packed to prevent flow from reaching all whiskers equally (Fig. 1.3). We
call this phenomenon flow shadowing. When the flow shadowing phenomenon oc-
curs in a grid array, we can detect flow from two sources at once, the first array of

whisker-inspired sensors with this ability.
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Abstract

Whisker-based tactile sensors have the potential to perform fast and accurate 3D
mappings of the environment, complementing vision-based methods under condi-
tions of glare, reflection, proximity, and occlusion. However, current algorithms
for mapping with whiskers make assumptions about the conditions of contact, and
these assumptions are not always valid and can cause significant sensing errors.
Here we introduce a new whisker sensing system with a tapered, flexible whisker.
The system provides inputs to two separate algorithms for estimating radial contact
distance on a whisker. Using a Gradient-Moment (GM) algorithm, we correctly de-
tect contact distance in most cases (within 4% of the whisker length). We introduce
the Z-Dissimilarity score as a new metric that quantifies uncertainty in the radial
contact distance estimate using both the GM algorithm and a Moment-Force (MF)
algorithm that exploits the tapered whisker design. Combining the two algorithms
ultimately results in contact distance estimates more robust than either algorithm

alone.

2.1 Introduction

Many rodents navigate dark spaces using rhythmic protraction and retraction of
their whiskers, a behavior called “whisking.” The ability to navigate and develop a
three-dimensional (3D) map even in darkness [16, 17, 32] has inspired engineered
whisker arrays that can do the same. The most effective whisker arrays can identify
the contact point along the whisker’s length to create 3D scene maps [17]. In appli-
cation, such arrays have mapped the fine details of a 3D face model [31], classified
objects [30], defined shapes [20, 25, 29] and performed SLAM in a 3D scene [32].
In three dimensions, a contact point on a whisker is most easily defined by three
components: radial contact distance (r), the direction of bending (or rotation in the
case of a rigid whisker), and the magnitude of bending (Figure 2.1) [26]. Estimating

radial contact distance is of particular importance to whisker mapping and at least
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Figure 2.1: A 3D contact point on the whisker is defined by three components:
Radial Contact Distance (r), defined in this paper as the distance in the z-
direction from the point of rotation, Direction of Bending and Magnitude of
Bending (rotation in the case of a rigid whisker). The algorithms discussed in this
paper use three primary inputs to estimate r: 1. Az, The distance the whisker has
traveled in the x-direction since first contact occurred, 2. ¢, angular rotation around
the base of the whisker, and 3. 9., downward motion of the whisker base caused by
bending of a flexible whisker.

nine separate algorithms have been described in the literature to localize contact to
within 10% of whisker length accurately [18, 19]. However, all of these algorithms
make assumptions about contact, ultimately limiting their application. For example,
seven of the nine methods are only accurate under small-angle conditions, typically
less than 10°-14°. Six of the nine methods obtain only a single contact point per
whisk, and five of the nine require the user to know how the base of the whisker is
moving (e.g., by using a motor encoder). These limitations increase the probability
of undetected sensing failures. Many of the approaches also implicitly place strong
constraints on allowed whisker motions, making mapping more challenging. In the
present work, we demonstrate how using multiple algorithms together improves

radial contact distance estimation.

The first algorithm is similar to two rotation-based algorithms: the Gradient-
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Moment (GM) algorithm [28, 31] and the sweeping method [39]. These algorithms
use motion (either translation, rotation, or both) of the whisker base (e.g., a linear
displacement, Ax) along with a measurement of the whisker bending, ¢, to estimate
the radial contact distance, r (Figure 2.1). However, because this method depends
on signal rates of change, it fails if the contact is made on a surface that deforms
or moves (e.g., a leaf or a marble) as well as when the whisker translates parallel
to a flat surface such as a wall [27]. In this second case, the whisker bending (o)
will stabilize at a fixed value in slipping contact with the wall despite the robot’s

continued translation (Ax), leading to a continually increasing estimate for r.

A second method for radial contact point determination does not rely on knowl-
edge of whisker motion. This method uses only mechanical signals at the whisker
base (i.e., forces and moments), and can therefore provide accurate measurements
even in the failure cases described above [18, 26]. We call this approach the “Moment-
Force” (MF) algorithm because it relies on these two mechanical variables [26]. Un-
like the GM method, in which the whiskers can be rigid and/or cylindrical, the MF
approach requires a flexible whisker with taper [26]. As the whisker bends against
an object, the whisker’s taper ensures that changes in the mechanical signals at the
whisker base uniquely represent each 3D contact point. In previous work, some of
the present authors used a whisker sensor with four strain gauges at the base to
demonstrate success of the MF approach [40]. However, this previous work faced
challenges with both the sensing system hardware (e.g., measurement drift and strain

gauge attachment) as well as lower precision contact estimations.

In the present work, we describe a novel whisker sensor design with a flexible,
tapered whisker that collects inputs for both the GM and MF algorithms. Inspired
by previous camera-based whisker sensors [38, 41], we designed a whisker base that
simplifies estimates of mN axial force and rotational moments as monitored by a
camera. For this study, we focus only on the magnitude of the bending moment to
estimate radial contact distance, and not the direction of bending. Bending direc-

tion will ultimately be required to create 3D maps. Using this sensing system, we

28 Chapter 2 Teresa A. Kent



Whisker-Inspired Sensors for Unstructured Environments

make two contributions to the whisker-sensor literature. First, we quantify tradeoffs
between the two algorithms (GM and MF) for estimated radial contact distance
accuracy and precision during rigid contact, compliant contact, and sliping contact.
Second, we introduce a new metric for whisker sensing, the ”Z-Dissimilarity score,”
which quantifies uncertainty in the radial contact distance estimate. This uncer-
tainty estimate is based on the two separate estimates for r from the two separate
algorithms. By combining the novel sensor with the two-algorithm approach, we
generate accurate radial contact distance estimates with a confidence metric that

can be used to identify GM-method failure cases.

2.2 Radial Contact Estimation Methods

In the first applications of whisker arrays for robotics, arrays of whiskers moved
through 3D space to create mappings using contact detection whiskers [16]. In con-
tact detection whiskers, the signal is binary, contact or non-contact, and a point
on the whisker is chosen as the contact estimate [17]. This contact point estimate
is normally either at the tip or the middle of the whisker. Some of the more so-
phisticated versions of these sensors can also detect the whisker rotation at contact
[32]. Since the true contact location could occur anywhere along the whisker, the
3D mapping improves as locations of contact and non-contact accumulate. This
methodology has been used to predict object shapes [41], classify objects [32], map
3D spaces [42] and avoid obstacles [43].

The applications of these methods demonstrated the benefit of whiskers for map-
ping spaces. Still the 3D mappings improve by knowing where on the whisker contact
occurred [44]. Both intuitive and bio-realistic, this fact has inspired the develop-
ment of whisker sensors capable of localizing the contact location along the whisker,
the radial contact distance. The methods of radial contact estimation are catego-
rized here into the following four groups: time-dependent estimation, strain-based
estimation, gradient moment (GM) estimation, and two-moment, one-force (MF)

estimation. Each of the four methods has constraints and assumptions.
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In time-dependent whisker implementations, the algorithms assume that a whisker
traveling at a fixed rate (either angular or linear velocity) will have a larger mag-
nitude response to contact close to the whisker base than to contact further from
the base. Implementing this algorithm requires a mechanism to sense magnitude of
bend and for the robot to control the rate of the whisk. During implementation,
when the system senses contact, it signals the robot to stop rotating the whisker.
In the milliseconds of contact rotation between sensed contact and the stop signal,
the bend magnitude signal will increase and can be used to estimate the point of
contact [20-22, 30]. Similar methods measure the time it takes the whisker signal
to drop back below a threshold [23, 45] during reverse rotation. In other temporal
whisker sensors, the frequency of oscillation directly after contact correctly predicts
the radial contact estimate [46, 47]. These time-based methods can determine one

contact per whisker motion and the contact must be with a rigid surface.

On specific types of whiskers, contact between a whisker and its environment
causes strain [25] proportional to the contact height. Researchers can measure the
strain by placing a strain gauge at the base [19] or using a camera and fiber Bragg
grating [24]. This method of radial contact distance has been published with the
highest accuracy of any robotic whiskers thus far (between 1 and 2 mm on a 100
mm long whisker). The trade-off for this high accuracy is that the whisker is limited

to small rotations from the contact (ideally under 0.5 °).

The most common technique for robotic whisking, estimates the radial contact
from the gradient measurements of the moments at a whisker’s base. This method
posits that there is an inversely proportional relationship between the contact height
and the amount of bend caused by a deflection of xmm or y°. The gradient moment
is measured as the rate of rotation or the rate of increase in the moment at the base
using hall effect sensors [28], force/torque sensors [27, 29] or pressure sensors [30]. As
the whisker deflects during contact with an object, the rate of change of the moments
at the base of the whisker relative to the translation/rotation of the whisker are used

to estimate the radial contact distance. Whisker sensors and whisker sensing arrays
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using this method have been able to map 3D scenes [28] and recreate 3D objects
[31]. Combining this method with the aforementioned time-based methods, the
radial contact accuracy in these robotic whiskers is up to 9.8 mm [48] and 13.6 mm
[45]. One advantage of these sensors for unstructured environments is that radial
contact is better estimated with larger whisker deflections. Some constraints on
this method are that the whisker can not slip along the object, and the object it is
making contact with must be rigid relative to the whisker. Both of these constraints
are to maintain the proportionality between the robot/whisker motion, the height
of contact, and the whisker bend.

The final method uses the raw values of two moments and one force (M, My,
F.,) sensed at the base of a whisker to estimate the radial contact distance. In this
method, simulated by [26] and realized by [40], the three variables create a unique
mapping with the radial contact distance along a tapered whisker. This mapping
has been realized within 6 mm of the contact location for 78% of contacts when
whisker rotation was over 10°. The hypothesized benefit of this method is that
radial contact is estimated without any other information besides the sensor values.
The full benefits of these sensors have not been realized due to issues with the

robustness of the engineered sensor caused by the strain gauge sensing modality.

2.3 Methods

2.3.1 Sensing System Manufacturing and Design
Sensing Hardware

Figure 2.2 shows a diagram of the whisker sensing system. Four 0.75 mm thick laser-
cut acrylic serpentine springs suspend the whisker 25 mm above the camera (Logitech
HD Webcam C310). 3D-printed tracking features are glued to the acrylic springs.
A 3D-printed housing fixes the camera and springs in place. Six LEDs (Micro Litz
Pure White) and a white cloth taped over the springs improve lighting consistency

between frames. Two types of whiskers are used for experiments. The first is a
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Figure 2.2: A diagram of the whisker sensor. A tapered, flexible whisker is suspended
over a camera using a laser-cut spring suspension. Tracking squares and rotation
magnifiers amplify motions at the whisker base in the camera image.

rigid, 1 mm-diameter carbon fiber rod. The second is a 150 mm long tapered, flexible
whisker that was manufactured using the conforming fiber drawing process on a piece
of filament as described in [49]. The tracking features in Figure 2.3 were chosen to
simplify estimation of the whisker magnitude of rotation, ¢, and axial deflection,
0., in camera images as seen in Figure 2.5. The §, tracking features include two
components approximately equidistant from the spring’s center of rotation: a C02
laser cut acrylic square-painted blue and an asiga 3D printed 100 pm cross painted
red. To provide improved estimates of ¢, the cross is printed with a 7.5mm long
rotation magnifier extending down toward the camera. The tip of the rotation
magnifier is painted black. The acrylic square and the square that connects the four
springs have a 2mm diameter hole in their center where the whisker is slotted to

ensure alignment. The CAD files for this sensor design can be found at [50].

Sensing Software

Motion of the whisker is captured by monitoring the tracking features with a camera,
as shown in Figure 2.5. Each image frame is white balanced, and a Lucas-Kanade
translation-only template-updating tracking algorithm is used to quantify movement

of the 0, tracking features [51]. To amplify red and blue contrast and convert the
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7 Camera Image

ty

Figure 2.3: There are three features used for vision-based tracking: the top tracking
square (blue), the laser cut spring (gray), and the 3D-printed (Asiga) red cross with
a 7.5mm rotation magnifying rod extending toward the camera. In the camera
image the widths and thicknesses of the ¢, tracking features (by, by, t,, t,) are used
to calculate 9,

image into each channel, each pixel is assigned a new color (G) by comparing each

pixel’s red (R) and blue (B) components to the average color value of the pixel (P).

G = (2.1)

The tracked points are the cross’ outermost edges and the square’s corners. A color-
based segmentation algorithm tracks the tip of the rotation magnifier. Tracking

code can be found at [50].

2.3.2 Calculating Deflections and Rotations

We solve for two signals from the camera image: the axial deflection, o, (Figure
2.5A) and rotation magnitude, ¢ (Figure 2.5B). As noted previously, the direction
of the rotation, #, can also be calculated from this image [38], but here 6 is limited
to 0° and 180° for the convex and concave cases respectively. When a positive z-
deflection occurs, the system moves closer to the camera. This motion affects all
tracked points equally (Figure 2.5C). It is therefore vital to remove the effect of

0, before solving for ¢ rotation. J, can be calculated using the initial and current
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Figure 2.4: The tracking algorithm tracks 9 points. Tracking algorithms use the
image from the last frame to update a point’s new location. As the object moves,
the tracking square can move off the desired point. To avoid drift, the frame can be
updated by a template which is what the tracked point looked like in the original
frame. Here we update the tracked point with the original frame every five frames.
Eight of the tracked points are tracked using the Lukas Kanade tracking algorithm on
white-balanced frames [51] The final tracked point, the rotation magnifier, moves
too much between frames for tracking algorithms to track this point because the
algorithm expects the object not to move much between frames. Instead, we use
a segmentation algorithm. The segmentation algorithm identifies the largest spot
that has pixel values close to zero and has similar values in the red and blue channel.
The final tracked points can be seen in the right panel in the image.

values for the projected widths (b,, b,) and thicknesses (t,, t,) of the tracking
features (Figure 2.3). In equation 2.2, only one of these variables is used, but any
can be substituted. The subscript ¢ represents the initial calibration frame and n
represents the current frame. z; is the initial distance between the camera and the
tracked object (25 mm).

Gon = 2% (1 — 2’—) (2.2)

un

Axial deflection also translates the rotation magnifier rod in the camera frame.
Ac, and Ac, represent the rod tip’s pixel translation in the horizontal and vertical

directions.

Zip — hr * Cuyj

Ac, = EZ — ; —  Cui (2.3)
Zi — hr * Cyg

ACU = EZ‘ _ ; —5 — Cyy4 (24)
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u

Figure 2.5: The global motions of the sensing system (A, B, C) affect the camera
images (D, C, E). A downward deflection caused by an axial force, F,, (A) brings
the tracking squares and rod closer to the camera, causing the apparent areas of the
square and the cross to increase (D). ¢ rotations, caused by a bending moment, My,
(B) cause translations of the rotation magnifier (E). The direction of rotation, 6, is
the same on the global coordinates and in the camera image. The cyan arrows are

added during tracking and represent 10x the detected motion in pixels.

The ¢ rotation primarily affects the rotation magnifying rod (Figure 2.5D). The

effects of J, translation (equations 2.3 and 2.4) are removed from the change in

displacement of the rod in the camera frame (4, d,) before solving for ¢,,. # measures

the direction of ¢. Variables used are provided in Table 2.1.

_h _h
p=""""tan (uaov)/zz = tan (vaep) (2.5)

uT‘eS Tes

4
0, = arctan(;—n * [1) (2.6)
1z — hr i hr
p= 5(Zzures tan (tgon) + & - tan (Vao0)) (2.7)
62 Oun * f1)?

¢, = arctan (p\/ a +f§ * 1) ) (2.8)
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2.3.3 Estimating moments and forces from ¢ and 9,
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Figure 2.6: The tracking components (Fig. 2.3) are held in the center of the camera
image by four serpentine springs (A). Varying the spring parameters such as the
width (w), thickness (t), length (1) and pitch (p) affect the minimum detectable
force (B) and moment (C) the system can detect. In B, C the red star marks the
specifications chosen for the sensors used in this work. The expected forces and
moments at the base of the whisker used in the experimental tests were predicted
using the software from [26]. They are plotted as the input for the GM (D) and
the MF (E) algorithms making up the x and y axis, and each new color on the plot
represents contact at [22.5, 27.5, 33.4,42.5, 50. 60. 72.5,90] mm respectively, the
same as the experimental work. The code for the modeling of the sensor can be
found here [50].

Similar to previous work [52], our serpentine spring design can convert the rota-
tions and deflections of the whisker base into forces and moments using the equations
from [53]. In the MF method, the precision of estimated radial contact distance will
depend strongly on the minimum detectable axial force [40] (Fig. 2.6 B). For exam-
ple, for the whisker used on our sensor, the quasistatic simulations of Huet et al. [26]
estimate a difference in F), force of just 1.8 mN between contact points separated by

only 1cm after a 10° rotation (Fig. 2.6 E). Developing a sensor with such a small
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detectable force is challenging. In order to make informed design decisions about
the parameters in our final design (Table 2.1) we had to use not only the anticipated
forces and moments from the quasistatic simulations of the whisker (Fig. 2.6 D, E),
but also the springs’ response to those forces and moments [53], and the equations
for pixel density of the camera (equation 2.7). By combining the three sets of equa-
tions together we modeled how small changes to the spring parameters led to large
changes in the minimum detectable moment and force (Fig. 2.6 B, C). Scripts to

model these designs can be found at [50].

Predicting moments and forces from ¢ and ¢, is useful for design of the physical
whisker sensing system, but it should be noted that the algorithms described below,
calculated moments and forces were not used. As described in the results, the
springs stayed in a linear regime. Therefore a linear relationship exists between
bending moment and ¢ as well as between axial force and §,. These results were

similar to those found in previous work in [40, 52].

Table 2.1: Design Parameters

Parameter Variable Value
spring pitch P 2.6 mm
spring length l 1.5 mm
spring width w 0.75 mm
spring thickness t 0.75 mm
number of spring turns n 12
square magnifier width /thickness | ¢,/ 5 mm
cross magnifier width /thickness bw /by 4 mm
rod height h, 7.5 mm
v/u corrector i 1.02
u resolution Upes 1280 pixels
v resolution Upes 720 pixels
u angle of view Ugow 26.95 °
v angle of view Vaow 16.26 °
springs offset from camera 2 25.0 mm
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2.3.4 Algorithms to Estimate Radial Contact

The primary goal of this work is to combine the Gradient-Moment (GM) and
Moment-Force (MF) algorithms so as to improve radial contact distance estimates,

and to provide a metric that describes the estimates combined uncertainty.

Gradient-Moment (GM) Algorithm

The GM algorithm provides an estimate of radial contact distance (denoted as 7gas
to distinguish it from the actual distance, ) based on the whisker rotation, ¢, and
the motion at the whisker base (in this case a linear translation, Ax).

(2.9)

reyM = W

In equation 8, [, is the length of the whisker (150 mm) and C' is a constant
related to the whisker stiffness. The value of C' can be experimentally estimated
by comparing ¢ and Az. Given the system’s small minimum detectable moment
(0.025N —mm) we expect this method to provide relatively precise estimates of
contact distance. Worth noting, in some previous work, & and ¢ are used to solve

for 7 instead [31].

Moment-Force (MF) Algorithm

This algorithm uses ¢ and 4., which are linearly proportional to the bending moment
and the axial force, to estimate radial contact distance 7y;r. In this case, a simple
analytical mapping between variables does not exist, therefore previous work has
used look-up tables and classification methods to predict 7y, [26, 40]. In the present

work, we use a k-nearest neighbor approach to estimate 7/z.

d p—
F 35 1
P >/
S 1/dy

(2.10)

(2.11)
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In equations 9 and 10, 7 represents the true label of one of the (k = 7) closest
points to the new sensor value. Equation 2.10 calculates the distance between a
point in the training set (¢, d.x) and the current sensed point (¢, ¢,). These
values are then divided by a normalizing value of 35° and 1 mm, which represent
the maximum expected values of ¢ and J, respectively. Given that the precision
of this estimate relies on the minimum detectable force, we expect this method to
yield lower precision estimates than the GM approach. However, the MF approach
should remain accurate in cases where GM might fail (e.g., compliant or slipping

contact).

Z-Dissimilarity Score

In statistics, Z-scores typically provide a measure of distance from the mean. We
generated a Z-Dissimilarity score to provide a metric of uncertainty in the 7gys
estimate. The score is calculated in two steps. First, we compute the (signed)
difference between the values of r predicted by the two different estimation methods.
This difference is then normalized by the expected standard deviation of 74y at the

relevant value of ¢.

remM —TMF

Trons () (2.12)

Z (7‘ =7 GM) =
A value of Z below 0.5 indicates an expected deviation while values over 1.0

indicate a probable error.

Shape Reconstruction

To demonstrate success of the present approach,we attempt to reconstruct 2D shapes
using the estimated radial contact distance, 7, and linear translation of the whisker
base, x. The estimated contact location in the x-direction is provided below. The

sign depends on the direction of travel of the whisker.
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6, Control

Figure 2.7: Experimental Setup A) A rigid (shown) and flexible whisker were
translated relative to a 3D printed rigid surface by a motorized linear stage. B) Using
a manual linear stage ¢, deflections could be applied with a precision of 0.05 mm,
while a force-torque sensor measured the force applied to the spring system.

T=x=x7sing (2.13)

2.3.5 Experimental Setup

To calibrate the sensing system, a 1 mm diameter rigid whisker was glued to the
spring suspension and attached to a ThorLabs NRT-150 motorized linear stage as
seen in Figure 2.7A. Using the linear stage, the whisker base was moved in 1mm
increments along the x-axis to rotate the whisker between 0° to 18° to test the
accuracy of ¢ calculations. Data were collected over two separate trials.

In a second test, we used a ThorLabs manual linear stage with an attached
6-axis force-torque sensor (ATI Nanol7) to apply displacements to the tip of the
rigid whisker (Figure 2.7B). ¢ and J, were calculated from camera images and were
correlated with the the applied M, and F, as measured by the force-torque sensor.

This setup allowed us to test both the accuracy of the ¢, calculations and confirm
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that F, and 0, were linearly related.

In our third test, a tapered, flexible whisker was attached to a spring suspension
system identical to that used in the first two tests. Contact was applied at varying
radial contact distances using the motorized linear stage from Test 1. Contact was
first applied with a rigid 3D printed surface at radial contact distances of [22.5,
27.5, 33.5, 42.5, 50, 60, 72.5, 90] mm. The linear stage controlled the position of
the whisker base in the x-direction was stepped in 1 mm increments with 1s pauses
between steps. In separate tests, contact was applied using a highly-compliant object
(a thin pipe cleaner) at radial contact distances of [35, 55, 90] mm. In our final test,
we slid the same tapered, flexible whisker across cross-sections of a water bottle

(circular) and a box (L-shaped).

All tests were run assuming a quasi-static whisker. All data were collected during
pauses of the linear stages used for whisker motion or pauses in application of forces.
We ensured at least one second between steps. Each data point in the results
represents the median of calculated ¢ and ¢, during these pauses. Example video

recordings of each test can be found in the supplemental video.

2.4 Results and Discussion

2.4.1 Accuracy of ¢, 6., and F,

A comparison between applied and predicted values of ¢, d., and F, are presented
in Figure 2.8. Root mean square error (RMSE) is calculated for each measurement.
RMSE of ¢ is 0.31° without correcting for the axial deflection, and improves to 0.22°
when 4, is removed using Eqns. 2.3 and 2.4. These results are more precise than
those obtained with the previous version of the sensor hardware [38]. RMSE of J,
and F, are 0.04mm and 2mN over a 0mm to 1 mm ¢, deflection. The expected
range for deflection is calculated from quasi-static simulations and spring models

26, 53]).
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Figure 2.8: A) The accuracy of predicted ¢ is compared with applied ¢ over 18
trials. Error bars represent standard deviations. B) The accuracy of predicted §,
is compared with applied J, over two trials. C) From the same test as B. The
accuracy of predicted F; from the whisker sensor is compared with the value of F,
measured by the force-torque sensor. The black line represents the expected F, for
a 0, deflection by the spring model. [53]

2.4.2 Radial Contact Distance with Rigid Contact

The Gradient-Moment (GM) algorithm provides an analytical estimate of 7 given the
lateral distance traveled at the whisker base, Az, and the estimated ¢ as calculated
in Eqn. 2.9. Using the experimental data collected from the various contact heights
shown in Figure 2.9A, the best fit for constant C' in Eqn. 2.9 was found to be 132.
Accuracy and precision of this method can be quantified by examining the error in
radial contact distance, r — #gp;. The mean () and standard deviation (o)
of this error across all data in Figure 2.9A is presented in Table 2.2. The values in
this table were obtained at varying ranges of ¢; precision is often shown to improve
as ¢ increases in previous applications of the MF and sweeping method algorithms
[39, 40]. The GM algorithm represents an accurate measurement with high precision

given the mean close to zero and a standard deviation of approximately 3 mm across
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a range of ¢ values.

Because the MF algorithm uses a classification approach to estimate 7y;p, ex-
perimental data should show separation between data collected at different applied
contact distances in (¢, d,) space. To avoid cluttering, Figure 2.9B shows only two
applied contact distances, corresponding to 42 mm and 50 mm. These two distances
show clear separation, especially at larger values of ¢. Similar to the GM results,
parr and oy are calculated for the error in radial contact distance estimates for the
MF approach, r — 7, and presented in Table 2.2. Both the accuracy and precision
of #y;r improve as ¢ increases, but the MF algorithm is clearly outperformed by

GM in this case of rigid contact.

Table 2.2: Distance error  — 7 [mm]| on a rigid surface

| ¢ < | pem | oan | pair | our |
2.5° 1 0.5 3.2 0.6 | 20.3
5° 0.5 3.1 0.5 | 194
10° 0.4 3.1 07 | 174
20° | -0.3 | 2.8 0.2 | 13.3

2.4.3 Radial Contact Distance with Compliant Contact

Contact with the pipe cleaner is an expected failure mode for the GM algorithm
because the pipe cleaner bends during contact. The GM algorithm overestimates
7 when contacting a compliant surface because the whisker bends less than ex-
pected. This expected result is borne out in the large negative values for the means
of the radial contact distance error (ucar) presented in Table 2.3. The MF algo-
rithm accuracy outperforms the GM algorithm on a compliant surface, but precision
(represented by oj/p) remains poor in comparison to the GM method. Data from
experimental measurements summarized in Tables 2.2 and 2.3 are also presented

using box and whisker plots in Figure 2.10.
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Figure 2.9: Values for ¢, 9., and applied translation Az were collected for the flexible
whisker against a rigid contact at seven contact heights. A) The model in equation
2.9 is plotted against box plots, illustrating the distributions of the experimental
data. The applied r values and experimentally measured % were used to estimate
constant C'. Each box plot had a minimum of 18 data points. B) The MF algorithm
uses classification on the ¢ vs ¢, graph to identify radial contact height. Example
data from two applied r values (42 mm and 50 mm) are plotted here. C) The applied
contact distances relative to [,,.

Table 2.3: Distance error  — 7 [mm] on a compliant surface

’¢<‘NGM‘UGM‘NMF‘UMF‘
2.5° 1 -23.5 ] 82 74 | 24.6
5° -23.5 | 8.2 4.6 | 242
7.5°1-236 | 83 | 0.9 | 226
10° | -231] 1.1 | -3.5 | 19.6

2.4.4 Z-Dissimilarity Score

We tested the Z-Dissimilarity score defined in Eqn. 2.12 on the data collected from
rigid contact, compliant contact and the shape reconstruction task. Because the goal
of the Z-Dissimilarity score is to identify times of incorrect prediction, we compared
the Z-Dissimilarity scores with errors in radial contact distance estimation (e.g.,
r—7cm). A Z value above 1 indicates that the difference between the two 7 estimates
is not likely to be explained by the standard deviation. When r — 7gp; > 15 mm,
the Z-Dissimilarity score was greater than 1.0 for 82 % of the compliant contact and

rigid contact data and greater than 0.5 for 94 % of the data. In contrast, when
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Figure 2.10: Boxplots of the error in radial contact distance estimation r — 7 using
the GM and MF algorithms are compared on both compliant and rigid surfaces.

r — gy < 15mm, the Z-Dissimilarity score was greater than 1.0 for 26 % of the
data and greater than 0.5 for 36 % of the data. Although not a perfect measure of
uncertainty, the Z-Dissimilarity score is a strong indicator of instances when more
data might be needed to improve the estimate of radial contact distance.

A shape reconstruction task provides a graphical indication of Z-Dissimilarity
score as shown in Figure 2.11. Sliding along a surface represents a second common
failure mode for radial contact distance estimation. Upon initial contact, the GM
algorithm is more precise and accurate as it traces the cube and cylinder shapes.
However, as the translation increased and the gradient of the surfaces decreased, the
whisker began to slip; during slip, the MF method maintained its accuracy while
the GM method lost accuracy, and the Z-Dissimilarity score increased as indicated

by the heatmap colors in Figure 2.11.

2.5 Conclusion

In this work we demonstrated a new whisker sensor system design that can sense
the information required to implement two algorithms for radial contact distance
estimation: Gradient-Moment (GM) and Moment-Force (MF). Using this sensor,
we measured accuracy and precision for both methods and demonstrated that the
GM algorithm does not accurately estimate radial contact distance during compli-
ant contact and contact with slip. We introduced a Z-Dissimilarity score that can

indicate these failure modes and showed that the MF algorithm can provide an
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Figure 2.11: A linear stage swept the whisker across a box (left) and the circular
cross-section of a water bottle (right) while data were collected from the sensor.
Radial contact estimates from the GM algorithm (red/yellow) and the MF algorithm
(gray) are compared. The GM algorithm can accurately and precisely localize the
contact point until the whisker begins to slip, at which point the accuracy decreases
significantly. The MF algorithm is less precise but remains accurate during slip.
The Z-Dissimilarity score determines the color of each point plotted for the GM
algorithm.

accurate, albeit noisy, contact distance estimate when the GM algorithm fails.

The whisker sensing system in this paper relies on a few key assumptions:

1. We estimate radial contact distance only when the whisker is in quasi-static

conditions
2. We assume the whisker makes contact with only one object at a given time.

3. We assume all GM failure cases result from a reduced bend of the whisker.

This assumption fails if an object moving towards the whisker.
4. We did not examine the direction of whisker bending.

Addressing these assumptions provides several avenues for future work.
It should be noted that our sensor generates predictions that are as precise as

other MF sensors [40], but performs considerably worse than the GM algorithm in
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cases of contact with a rigid object, due to poor resolution in §,. Non-slipping, rigid
contact can be used for many applications and the 7g), estimate is a simple equation.
Applying 7gys with our Z-Dissimilarity score could allow robots with whiskers to
traverse space quickly, only slowing down when the robot predicts a more difficult
mapping. The score allows researchers to remove data points above a threshold,
incorporate the uncertainty into the mappings based on task requirements, or switch
to the MF algorithm. The algorithm could also potentially help the robot determine
when to make a whisk, i.e., when to reset the sensor in space. Combining multiple
sensing algorithms can also have other benefits for whisker sensing. For example,
the combination could be used to map surface compliance as suggested in [26] or to

increase accuracy and precision during tapping contact [45, 48].
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Abstract

The development of whisker-based sensing systems faces at least two important tech-
nical challenges: scaling up the number of whiskers to large arrays while retaining
a simple interface; and detecting the wide variety of stimuli that biological whiskers
can sense, including both direct touch (contact) and airflow. Here we present the
design for a whisker array that leverages a camera to measure whisker rotations
without a complex interface. Whiskers are magnetically attached to an elastomer
“skin,” ensuring that the system is both scalable and reconfigurable. Direct con-
tact is measured from the relative motion between each whisker and the skin, while
airflow and inertia can be inferred from the signal experienced by all whiskers in
the array. Individual whiskers can resolve the direction of contact transverse to the
whisker with a root mean square error of 6.2° and whisker rotation magnitude to
with a root mean square error of 0.5°. An algorithm is developed to distinguish

inertial forces from airflow and contact.

3.1 Introduction

Whiskers, also known as vibrissae, are important tactile sensors for almost all mam-
mals. Mammalian whiskers are arranged in bilateral arrays, with ~25 or more
whiskers emerging from each side of the animal’s face [54]. Unlike insect antennae,
which have mechanical and chemical sensors along their entire length, mammalian
whiskers resemble hairs; sensing occurs only at the whisker base within a densely-
innervated follicle [55]. Animals use their whiskers to help with rapid motion plan-
ning and navigation, to localize contact with objects, to distinguish object size,
shape, texture, and orientation, and to sense fluid flow. Moreover, whisker-based
sensing can distinguish between stimuli that occur simultaneously (e.g., contact can

be distinguished from the inertial forces generated by the animal’s own motion).
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Not surprisingly, engineers have tried to replicate these sensory systems on robots
for similar tasks. Several engineered systems have exploited whisker bending to per-
form contact point determination with a single whisker ([27, 31, 39, 40, 56]). Other
studies have used whiskers primarily as contact/non-contact detectors to develop
algorithms that orient the entire array towards an object [57-59]. Yet other whisker-
inspired sensors have been designed to detect non-contact mechanical stimuli such
as flow (e.g., [31, 35, 60, 61]). Ultimately — if the full capabilities of the biological
system are to be realized in hardware — these approaches will need to merge, but

important technical challenges remain.

The first challenge involves the number of whiskers in an engineered array, espe-
cially if detailed information about individual whisker bending is to be retained. Nat-
ural whiskers each have their own complex, multi-dimensional transduction mecha-
nism [55]. In an engineered system, adding transducers to each whisker significantly
increases computational and hardware complexity. The largest engineered whisker
arrays have used 18 [59] and 20 [58] whiskers with one transducer per whisker. By
capturing deflections and (motor-controlled) rotations of each whisker, these arrays
could determine the identities of the whiskers that made contact and then orient the
array to a detected object. Although these arrays are impressive engineering feats,

they are costly and complex; wiring scales with whisker number.

An alternative approach, taken by “TacWhiskers,” uses a single camera as the
transducer for a whisker array [41], similar to the approach used by several recent
non-whisker tactile sensors (e.g., [62-64]). Although modern cameras use millions
of photoreceptor-like elements, we classify a camera as a single transducer in this
work because it has a single interface. The TacWhiskers used a modified version
of the TacTip sensor described in [62]; a camera monitors the movement of 3D
printed pillars beneath a domed array of whiskers. The whiskers were reported

highly accurate during convergent whisking contact of an array of ten whiskers.

A second challenge is that a wide variety of stimuli — with amplitudes that

can vary over several orders of magnitude — can impart forces and motions to the
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whiskers. Direct contact (touch), airflow, and motion at the whisker base (which
we will call inertial) stimuli can all be sensed by whiskers. Discriminating between
these various stimuli is still an unmet challenge. We are aware of only two papers
that demonstrated a single whisker that could detect (but not distinguish between)
contact and flow [60, 65]. This is a notable gap, as airflow, inertia, and contact are
all realistic stimuli that could be introduced as intentional or confounding variables
in robotic implementation [66].

The primary contribution of this paper is to show that a reconfigurable, vision-
based whisker array sensor (WhiskSight) can sense and discriminate between mul-
tiple stimuli. Building on the TacWhiskers approach ([41, 62]), the present work
uses a variation on the GelSight tactile sensor [63] to measure whisker rotations and
to distinguish between contact, airflow, and inertial stimuli (Figure 3.1). Whiskers
are magnetically attached to a light-blocking elastomer membrane suspended above
a camera. Magnetic attachments ensure modularity, scalability, and reconfigurabil-
ity. Using a commercially available USB camera we demonstrate that the system
can simultaneously gather information about whisker rotations in a 6-whisker array.
Similar to the GelSight tactile force sensor [63], FingerVision [67], and GelForce
[68], we use markers on the elastomer membrane to track deformations of the mem-
brane in addition to the whisker movements. This extra information allows us to
discriminate between different stimuli (contact, airflow, inertial) as well as to detect
the direction and magnitude of individual whisker rotations regardless of rotations
and deflections elsewhere in the array. Notably, WhiskSight achieves these capabil-
ities even though it is not actuated. This new approach to whisker sensing could
enable robotic navigation and obstacle detection/avoidance in low visibility settings

without confounding data from system motion or airflow.

3.2 WhiskSight System Design

The WhiskSight system design is based on a scaled up version of the GelSight sensor

[63] and is illustrated in Figure 3.1. The system includes a camera, an elastomer

Chapter 3 Teresa A. Kent 51



Whisker-Inspired Sensors for Unstructured Environments

Carbon
Fiber Rod

Ring
Magnet

Disc

Magnets <
N B B R B R ERE O
More Whiskers

- Whisker

1 | s r-—»Rm Magnet, Plane 1

Light blocking layer
Elastomer Tracking dots, Plane 2
= ( X J ( X J | ( X J o0

Magnet, Plane 2
Light source

Figure 3.1: A schematic of the WhiskSight sensor. Whiskers (rigid carbon fiber
rods) are attached to an elastomer membrane suspended above a camera. The
attachment is magnetic, using a disc magnet attached to the whisker on top of the
membrane and another disc magnet below the membrane. The camera captures
whisker rotations along with the motion of tracking dots on the membrane. A light
blocking layer and internal LEDs ensure consistent lighting. The image is not to
scale.

membrane, magnetically attached rigid whiskers, and a light source. The elastomer
membrane, held in tension, suspends the whiskers over the camera. The camera
senses rotations and deflections of each whisker. As seen in Figure 3.2, 6 represents
the whisker ‘rotation direction,” ¢ represents the ‘rotation magnitude,” and ‘z-axis
deflection’ represents a deflection of the elastomer membrane parallel to the whisker
z-axis, typically caused by an axial force applied to a whisker.

More specifically, the camera tracks translation of the magnets as well as the
tracking dots painted on the bottom surface of the elastomer membrane in the
image plane described by u-v coordinates (Figure 3.2). Software correlates these
translations back to rotations applied to individual whiskers. The light source in-

ternal to the sensing system decreases the effect of ambient lighting on the camera
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Figure 3.2: Coordinate systems for stimuli applied to rigid whiskers. Top row: The
angles 6 and ¢ (degrees) represent the direction and magnitude of whisker rotation
from nominal (perpendicular to the elastomer membrane). The ‘z-axis deflection’
quantifies displacement in millimeters as the whisker moves parallel to its z-axis.
Scale bars=30 mm. Bottom row: The images show typical camera output for whisker
rotation (left) and z-axis deflection of the elastomer (right). The motion of a tracker
dot on the whisker magnet or the elastomer is described as ‘translation’ in a u-v
coordinate system. In both images, arrow magnitudes show translation of the dots
scaled by 10x for visual clarity. Scale: magnet diameter (red circle) is 3.2 mm.

image, thereby improving consistency of the tracking algorithm.

3.2.1 Mechanical System

To enable reconfigurability, whiskers are attached with magnets to the elastomer
membrane as shown in Figure 3.1. Each whisker consists of a 1 mm diameter, 100 mm
long carbon fiber rod glued into a ring magnet, which is then glued on a disc magnet.
Unlike biological whiskers, which are flexible and have taper, the carbon rod whiskers
are stiff and have constant diameter. Using magnets on both the top and bottom

of the membrane, whiskers can be attached anywhere within camera view. The
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disc magnets are 3.175 mm diameter, 1.58 mm thick nickle-plated NdFeB axial force
magnets (DH11, KJ Magnetics). The ring magnets are 3.175 mm outer diameter,
1.58 mm thick nickle-plated NdFeB axial force magnets (R211, KJ Magnetics) with
a pull force of 0.31 pounds.

The rest of the sensing system is modular. The camera (Logitech HD Webcam
C310) can be slotted into a hexagonal 3D printed camera assembly. This assembly
holds the LEDs (LilyPad, DEV-13902) used as a light source halfway up the casing
with wire pass-throughs in the casing (Figure 3.3). The elastomer membrane is ~
I mm thick PDMS (Sylgard 184, Dow Chemical). The top of the PDMS is painted
white with acrylic paint and black dots are made with marker on the bottom. The
top and bottom holders clamp the elastomer in place, after which a tensioner is
used to push the elastomer membrane downward to place it in tension. The tension
in the elastomer can be adjusted by tightening the tensioner screws. The whiskers
are added to the system only after the elastomer is in tension so that magnetic
interaction does not affect the elastomer tension (Supplementary Video). Finally,
the entire system is placed over the camera assembly and screwed into place. It
should also be noted that this setup is designed to test and characterize the whiskers;

a robotic implementation could be made far more compact.

3.2.2 Whisker and Membrane Tracking

Typical views captured by the camera can be seen in Figure 3.2. The entire bottom
of the magnet is painted red/orange so that the whiskers’ locations can be more
easily resolved and to reduce reflection from the magnets. Black tracker dots are
marked on both the bottom of the elastomer and the bottom of the magnets using
a permanent marker. The dots and whiskers are initially identified using a custom
segmentation algorithm, then tracked during tests using various tracking algorithms;
Minimum Output Sum of Squared Error Tracker (MOSSE) [69] was chosen for its
accuracy and speed, and Channel and Spatial Reliability Tracker (CSRT) [70] was

chosen for its accuracy. Validation tests demonstrated that MOSSE could track
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Figure 3.3: Assembly of the physical system. Scale bar represents 50 mm.

over 50 dots at 17 frames per second. Depending on the task, the tracker was either
applied to pre-recorded videos, previously captured and labeled sequential images,

or to live video.

Whisker rotation can be calculated using the translation of the whisker magnet

in the image plane, du and Jv.

0 = arctan (0u/év) (3.1)

Calculating rotation magnitude requires knowledge of camera and geometric param-
eters including u and v axis resolution (u,es and v,.5), u and v angle of view (uz0p
and v, ), distance between the camera and membrane (AZ), and the height of the
magnet (pmqq) [71]. These parameters are used to calculate the average pixels per
mm? (p); because the camera’s resolution (pixels/mm) is not identical in the u and

v directions, we average the two.

¢ can then be calculated with these parameters and the assumption that the
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points of interest all occur in a plane AZ away from the camera parallel to the
image plane. Eqn. 3.3 converts the translation of the bottom of the magnet (pixels)
into millimeters and then uses the known height of the magnet to obtain the rotation

magnitude, assuming the translation is primarily in-plane.

1 AZ A
- é(ures tan (Ugoy) + o tan (Vgey)) (3.2)

¢ = arctan (pvVou? + 602/ hypag) (3.3)

p

In the whisker system shown in Figure 3.3, Ry, = 1.58 mm and AZ = 54mm.
For the chosen camera, u,.s = 1280 pixels, v,.s = 720 pixels and the angle of view in
the u-direction u,,, = 26.95°, v-direction v,,, = 16.26°. The z-axis deflection was not
calculated but was accounted for using the movement of the dots surrounding each
whisker. This motion was previously characterized in [63]. To determine whisker
motion independent of membrane motion (which could be affected by neighboring
whiskers or other stimuli), the membrane tracking dots closest to the whisker magnet
were found using the L2 norm for distance. The average translation along u and
v (pixels) of the k nearest dots was subtracted from the translation (pixels) of the
whisker magnet. We ensured that dots were spaced at regular angular intervals

around the whisker magnets.

3.3 Contact Characterization

To start, the whisker rotations and deflections that occur from direct touch (contact)

with a whisker are characterized.

3.3.1 Experimental Setup

A Thorlabs manual stage with two linear axes and one rotation axis was used to
apply known rotation directions (#) and magnitudes (¢) to a single whisker (Fig-

ure 3.4a.). To test the system’s response to various whisker rotation directions, 6 was
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Figure 3.4: a) A test setup in which rotation magnitude (¢) and direction (f) can
be controlled. b) A test setup that can apply z-axis deflections and rotation about
the y-axis. Scale bars = 50 mm. In both figures a green line has been drawn over
the whisker for visual clarity. Cyan directional arrows indicate directions of stage
motion.

incremented from 0° to 360° in 10° steps while ¢ was fixed at 7°. Whisker rotation
magnitude, ¢, was characterized by rotating the whisker in 0.49° increments along
the positive x-axis. Linear translations of the stage used to deflect the whisker are
converted to angles using the known geometry, and the MOSSE tracker was used to
track dots.

Next, using the setup shown in Figure 3.4b, we evaluated how rotation mea-
surements would be affected by z-axis deflections. We hypothesized that z-axis
deflections could be subtracted from the total motion by monitoring both the mag-
net translation and the nearby elastomer membrane translation. The whisker was
rotated about the x-axis (f = 90°) from —2.77° to 2.77° in 21 equal steps. Each
test was repeated with z-axis deflection ranging from O mm to 5mm. Because this
experiment used very small angular increments (0.29°), the tracker was changed to
OpenCV’s CSRT tracker, which has better (sub-pixel) accuracy than MOSSE.

In a separate set of experiments, we tested the effect of z-axis deflections when
the whisker was placed at two different offsets (small and large) from the image
center. The offsets determine how the whisker magnet will translate in the camera
image during a pure z-axis deflection. If the magnet is centered in the camera image,
it will appear to grow in size while staying fixed in position. If the magnet is offset
from the image center, it will not only appear to grow in size but also appear to

translate in the camera image. If the offset is too large, the magnet will ultimately
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translate out of the image for a sufficiently large z-deflection [71].

The final characterization of contact stimuli tested a whisker array. Contact on
other whiskers in the array or other stimuli like airflow applied to the whiskers can
make it challenging to detect contact on an individual whisker. In the WhiskSight
sensor, the relative motion between the elastomer membrane and whisker magnets
can be used to determine contact. If the difference between the net translation of
the elastomer dots surrounding a whisker and the translation of the whisker magnet
was greater than a threshold, contact was indicated. To test this approach, we
applied rotations to single whiskers in a 6-whisker array, and recorded if the correct
whisker was indicated as the one in contact. In addition, we monitored all of the
other whiskers to evaluate if they falsely reported contact or correctly reported no
contact (false positives and true negatives). We then applied a z-axis deflection to
one of the whiskers in the array and repeated the contact test on the remaining five
whiskers, recording all true positives, false positives, and negatives. Each of these
experiments was repeated twice. Two metrics were used to evaluate the accuracy of
different threshold values: the percentage of true positives and percentage of true

negatives.

3.3.2 Experimental Results

Whiskers were first characterized with contact applied to individual whiskers. Fig-
ure 3.5a shows a high-quality fit (RMS error = 6.2°) between the applied rotation
direction, 6, and the whisker rotation predicted from the camera image. The error is
slightly larger than the theoretically best achievable accuracy of our system (5.35°)
due to discrete pixel displacements. With a higher resolution camera, we would
expect the accuracy to increase. In addition, as rotation magnitude, ¢, increases,
the direction accuracy is expected to improve due to larger du and dv in Eqn. 3.1.

Limitations imposed by camera resolution are easily observed in Figure 3.5b,
which plots measured rotation magnitude, ¢, versus the experimentally-applied ro-

tation magnitude. At each step a 0.49° increase in ¢ was applied, but the dot on
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Figure 3.5: a) The value of § predicted from the camera image (blue triangles) is
compared to the value of § applied by the testing system (black line). Error bars
represent the full range of possible values for 6 that a given u, v pixel location could
represent. b) The value of ¢ predicted from the camera image (blue squares) versus
applied ¢ (black line).

the whisker magnet does not always translate to a new pixel with each step. Based
on camera and geometric parameters, an accuracy of 0.5° is expected for ¢. The
measured mean RMS error between the applied ¢ and the predicted ¢ angle is 0.25°
— close to the expected accuracy. The accuracy of ¢ is significantly higher than the
accuracy of 6. This result can be explained by two factors. First, 1° of rotation in
¢ causes significantly more pixel movement than 1° in #. Second, the experimental

measurement of ¢ was limited to motion along a single axis.

The rotation testing described above was performed without z-axis deflections.
Membrane deflection is of particular concern because it changes the distance between
the camera and elastomer surface, which is assumed constant in Eqn. 3.3. The
nominal distance between the camera and membrane is small (54 mm), increasing
the possible effect of small deflections. Translation during elastomer deflection can
be further magnified when the whiskers are offset from the camera center, and this

offset varies significantly across a whisker array. In Figure 3.6, it is clear that
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Figure 3.6: As the whisker location moves away from the center of the camera image,
z-axis deflection has an increasingly large effect on the magnet’s apparent translation
in the camera image. This is represented as L2 norm of (du,dv). A whisker at the
camera center would have zero translation.

measured translation due to applied z-axis deflection differs greatly depending on
the whisker offset in the camera image; a deflection applied to a whisker at large
offset is (incorrectly) predicted as three times the magnitude of the same deflection
applied to a whisker with a small offset. Without mitigation this could have a

detrimental affect to measuring independent whisker rotations in an array.

Fortunately, by tracking the membrane dots in addition to whisker magnets we
are able to overcome this possible problem. As illustrated in Figure 3.2, during
whisker rotation the pixel translation is mostly limited to the bottom of the magnet
but in z-axis deflection the entire membrane moves. Using the experimental setup
seen in Figure 3.4b we were able to test our ability to remove the effect of z-
axis deflection. We subtracted the average translation of the nine elastomer dots
closest to a whisker undergoing a rotation about the x-axis while the membrane was

deflected from O mm to 5mm in 0.5 mm increments.

We first defined the “zero curve” as the ¢ predicted using this subtraction method
when zero deflection was applied. Results shown in Figure 3.7 revealed that the
5mm prediction curve shifts to align with the zero deflection curve when elastomer
translation is taken into account. With this subtraction method, the RMS error

between the zero curve and other curves was an average of 0.37° , whereas without the
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Figure 3.7: By subtracting the average translation of the nine closest elastomer dots
(white arrows, 10x magnification) from translation of the dot on the magnet (red
base), we can more accurately predict the angle ¢ during whisker deflection. The
predicted ¢ that uses only the whisker translation (blue triangles) is significantly
offset from the “zero curve” (grey squares). ¢ predicted using this subtraction
method (blue squares) removes this offset, resulting in accurate predictions even
under z-axis deflection.

1
(9]

subtraction method the RMS error grew aggressively up to 1.79° at 5 mm deflection.

Only the 0 mm and 5 mm deflection results are shown in Figure 3.7 for clarity.

Exploiting the ability to isolate rotations from z-axis deflections, we tested an
algorithm to distinguish tactile contact applied to individual whiskers in an array.
When one whisker in an array is rotated or deflected, the resulting translation of
the elastomer membrane could show up as unintended noise for other whiskers in
the array. To account for this, contact for each whisker of a six-whisker array was
indicated by a significant difference between the translation of the whisker magnet

and the net translation of the closest six membrane dots to the whisker magnet. Six
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dots were chosen instead of nine to reduce any influence from nearby whiskers in
the array. The translation threshold for significance was an independent variable.
A key tradeoff in this approach is the minimum rotation magnitude, ¢, required to
indicate contact. Lower thresholds are more likely to pick up noise from surrounding
whiskers while a large threshold requires a much larger whisker rotation to achieve
the necessary pixel translation.

The first two trials rotated a single whisker only. In the second two trials, one
whisker was deflected along the z-axis to deform the membrane while other whiskers
were rotated. When the threshold was small (0 or 1 pixel) the accuracy of detection
was reduced to 80 % because of the large number of false positives. Using a higher
threshold of 4 or 5 pixels resulted in only one false negative during the deflection
plus rotation trials. In these large threshold cases, the required rotation magnitude
is also expected to be relatively large (= 6° to 8°). As a result, a contact threshold
of 3 pixels was chosen as the best threshold for future tests given the balance of

high accuracy and small ¢ required to trigger the contact condition (Supplementary

Video).

3.4 Airflow and Inertial Stimuli Characterization

After quantifying the response of whiskers to contact stimuli, we sought to under-

stand the response to airflow and whisker motion due to inertial effects.

3.4.1 Experimental Setup

To study the effects of airflow, the whiskers were subjected to high, medium and low
flow speeds using a 10 A Stanley fan (Model 655704). No attempt was made to make
the flow laminar, as we were primarily interested in detection of airflow that may
naturally occur in an environment. Airflow velocity was not measured. In a second
airflow experiment, contact was applied to an individual whisker simultaneously

with the airflow stimuli (Supplementary Video).
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Figure 3.8: Response to a) inertial stimuli, and b) airflow stimuli. Both plots show
the measured response of five of the six whiskers in the array. The same whiskers
are shown in each panel and the colors are matched by whisker.

Active whisking in rodents is known to generate inertial effects [72, 73]. To
approximate actuated, inertial whisking, the full whisker system (Figure 3.3) was
rotated back and forth manually (Supplementary Video). Active whisking can con-
fuse robotic systems [66] but poses no problems for animals. Rotations and transla-
tions were performed around both the x and y axes to better understand the signals

generated under base excitations.

3.4.2 Experimental Results

When the whiskers undergo rotations due to airflow and inertial stimuli, the signals
differ significantly, especially in frequency (Figure 3.8). In addition, a key distinction
from the contact stimuli discussed previously is that these non-contact mechanical

stimuli generally affect all whiskers in an array similarly.
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Consistent with results from rodent whiskers [74], the varying flow speeds are
primarily characterized by changes in the mean rotation magnitude as seen in Fig-
ure 3.9. This figure describes translation of one whisker in the array once its re-
sponse has reached steady state. Translation of each whisker in the array as well
as transients can be seen in Figure 3.8b. A whisker’s response to airflow has two
characteristic features: the translation oscillates, and the average whisker transla-
tion is significantly (= 5x) larger than the translation of the elastomer membrane
(Supplementary Video). Although the mean translation depends on flow speed,
the oscillation patterns are consistent across the flow magnitudes. This frequency
of the oscillation pattern can be explained by the flow turbulence and the natural

compliance and damping properties of the elastomer.

We also demonstrated that the system could sense contact in the presence of
airflow (Supplementary Video). In Figure 3.10, medium speed airflow is applied
across an array of whiskers in the +x direction (a single whisker is plotted for clarity).
Contact events are observed as clear data spikes relative to the relatively static
translation from airflow. The contact is applied with varying rotation directions, @,
as evidenced by spikes with varying u and v magnitudes. It is important to note
that contact in airflow will be more challenging to distinguish if a contact stimulus

is applied to many whiskers.

Figure 3.8a shows the translation of the whiskers when a large acceleration was
applied to the whisker sensing system (Supplementary Video). Like airflow, inertial
forces generated by motion of the base cause all whiskers to move in a very similar
pattern. However, the response to an inertial translation can be distinguished from
airflow by the frequency content: inertial motion results in relatively smooth, low
frequency whisker translation when compared to the higher frequency oscillations

associated with airflow.

In addition, the elastomer membrane translation is much more significant during
an inertial stimulus in comparison to airflow (Supplementary Video). Figure 3.11

plots the translation of a whisker and its six closest membrane dots in response to a
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Figure 3.9: The response of one whisker in the array to airflow of low (red), medium
(blue) and high (gray) speeds in steady state. Although responses to the three
speeds have different mean values, the oscillation frequency is similar for all speeds.
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Figure 3.10: Translation in u and v of a single whisker in response to simultaneous
contact and airflow. The characteristic oscillation is visible in the u translation
parallel to the flow, while contact is observable in both u and v depending on the
whisker rotation direction. (Supplementary video)

Chapter 3 Teresa A. Kent 65



Whisker-Inspired Sensors for Unstructured Environments

— 5
2]
%3
o
s 1
c ‘Q ““““ R
2-1 o m
('U XX %
%)
c-3
©
=
-5

Figure 3.11: The translations of a whisker and its six closest elastomer dots are
shown while the base of the system is accelerated along the system’s y-axis. (Sup-
plementary video)

base excitation. The figure shows that the six dots’ responses to base excitation are
remarkably similar to the response of the whisker. In other words, the whiskers and
the elastomer membrane translate similarly in response to inertial stimuli. This is a
key feature that will be used to distinguish contact from base excitation. However,
it should be noted that a relatively large acceleration is required to capture inertial
motion.

The differences in characteristics between airflow and inertial stimuli conforms
with what we know about the physical sensing system. The airflow tests did not
interact with the elastomer which was shielded by the protective casing but the
whiskers experienced drag forces. Turbulent flow resulted in oscillatory behavior of
the whiskers but no displacement of the membrane. In contrast, inertial forces affect
the entire system as seen by motion in both the elastomer membrane and whiskers.
The inertial forces reflect accelerations of the sensing system while constant velocity

would be identified as airflow if that velocity is large enough.

3.5 Classifying Stimuli

To distinguish between touch contact, airflow, and inertial stimuli, a new algorithm

was developed and tuned based on results from the contact, airflow, and inertial
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characterization experiments. Eqn. 3.4 converts whisker directional translations in
image coordinates, du; and Jdv;, into the magnitude of whisker movement, 6W,,q4.;.

In the equation below, ¢ is used to index each whisker.

Winagi = (6u? + dv2)1/? (3.4)

The stimuli on each whisker is classified by 1) checking if the whisker has moved
(0Winagi >= 3), and 2) determining the types of stimulus. For an inertial stim-
ulus, the whisker magnet and membrane dots move together (Figure 3.11), while
only the whisker dots move for airflow stimuli. Airflow is also indicated by higher
frequency oscillations around a central offset magnitude (Figure 3.9,3.10) which are
tracked by counting the number of direction changes within the previous 20 frames
(corresponding to 0.66s). If over half the full number of whiskers detect airflow or
inertial stimuli (which should affect all similarly), the system is classified as detect-
ing the relevant stimulus. If fewer than half of the whiskers have moved, contact is
indicated. Contact can be detected simultaneously with airflow or inertia by then
checking to see if any whisker’s translation vector deviates significantly from the
average. Further detail, including specific thresholds, can be found in the source
code uploaded to our GitHub repository [75]. This approach works well for a small
system of six whiskers, but would likely need to be modified for larger arrays in

which large groups of whiskers may be in contact.

This algorithm was used on a new video in which all stimuli were present, some-
times simultaneously (contact, airflow, inertia, and airflow with contact). For these
tests we used the CSRT tracker as inertia required a higher tracking accuracy. The
array was able to identify stimuli correctly each time and individual whiskers were
accurate most of the time (Supplementary Video, Figure 3.12). The individual
whisker errors are most likely the result of tracker drift and could continue to be

improved for future robotic implementations.
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Figure 3.12: Frames from the supplementary video show that the WhiskSight can
correctly classify varying applied stimuli: a) a single whisker in contact (green),
b) the entire system exposed to medium speed airflow (blue), ¢) the WhiskSight
base accelerated to generate inertial stimuli (purple), and d) the system exposed to
medium speed airflow with a whisker in contact.

3.6 Discussion and Future Work

Here we demonstrated how a whisker variant of the GelSight sensor can help create
larger whisker arrays and allow us to distinguish between various stimuli (contact,
airflow, and inertial) by tracking the motion of both the flat, elastomer membrane,
along with motion of the individual whiskers. A single camera was used to track
an array of six whiskers along with the elastomer membrane, significantly decreas-
ing the complexity and interface required for a whisker array. In addition, the
WhiskSight used magnetic attachment for reconfiguration of the array as needed
for specific applications. While our demonstrations were made using an array of
six whiskers, the magnetic attachment makes it relatively straightforward to scale
up to larger arrays. The magnetic attachment also presents a limitation on array
spacing however; the minimum spacing between whiskers is determined by forces
between the magnets. As the magnetic force increases, the attachment force to
the elastomer membrane increases but the minimum distance between whiskers also
increases due to interactions between the magnets. This work favors attachment

force over larger arrays, but future work can determine more optimal magnet sizing.
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In addition, if reconfigurability is not required, adhesives and other non-magnetic
whisker attachments (e.g., [41]) could be used. Magnetic attachment also influences
the choice of marker locations on the elastomer membrane; the benefits of markers
in a regular grid pattern, random marker locations (as in digital image correlation,
DIC), or markers spaced regularly around magnet locations are ideas to explore in

future work.

Another key feature in the whisker array presented in this work was the use
of a flat elastomer membrane. The ability to classify contact, airflow, and inertial
stimuli emerges from our ability to track both the motion of individual whiskers
and the motion of the elastomer membrane oriented parallel to the camera image
plane. Domed and curved surfaces found in other sensors like the TacTip [62] and
TacWhiskers [41] provide greater surface area visible by the camera. The parallel
planes trade off surface area for consistent motion across the array. For example,
constant airflow across the array along with similar whisker sizes will result in simi-
lar drag profiles and therefore similar motions in the image plane of the camera. In
general, an elastomer membrane parallel to the image plane simplifies the math be-
tween motion of the elastomer membrane and motion in the camera image. Finally,
because the elastomer membrane is not exposed to airflow, the whisker array can
respond to airflow and inertial stimuli differently, simplifying classification of these

two stimuli.

Finally, the presented whisker sensing system still has several avenues for im-
provement in future work. In this work, whiskers were characterized for accuracy
in 3 DOF (¢, 6, and z-axis deflection), and conform to the expected performance
of the system given the choice of camera and geometry. These degrees of freedom
were assumed to be most important to determine whisker motion, but future iter-
ations of the whisker system could validate this by tracking additional degrees of
freedom by increasing the number of tracked markers on the whisker magnets (e.g.,
corners of square or rectangular magnets). In addition, current system performance

is largely limited by choice of camera. Higher pixel counts per unit area could im-
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prove the rotation and z-axis deflection resolutions. Higher frame rates could speed
up the time to detect various stimuli. The whiskers themselves can also be modified;
identical rigid whiskers were used in this implementation, but flexible and tapered
whiskers could ultimately help identify contact location along each whisker [40].
Finally, adding actuation through pneumatics or some other method can provide
additional information about contacts, especially given the ease of distinguishing
contact from the motion of the whisking system. Overall, the ability to detect and
classify various stimuli like airflow, inertia and touch opens possibilities for future
robotic applications of the system as well as for physical models of various biological

whisking systems.
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Abstract

One way to decrease the gap between natural aerial fliers and quadrotor robots is to
improve the quadrotor’s perception. Here, the perception of whisker-inspired sensors

is improved by modifying them so they are asymmetrically sensitive to airflow from
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different headings; adding asymmetry makes the engineered sensors more similar to
the biological mechanosensors that inspired them. The critical design aspect that
yields the perception improvement is an offset between the asymmetric whiskers.
This offset requires the side of maximum sensitivity for one whisker to occur at the
same flow heading as the minimum sensitivity for a second whisker. The relative
strengths of the signals from the two whiskers provide an extra piece of information
for flow heading estimation. For a whisker whose asymmetric cross section can be
described as triangular, the optimal offset is 60° and yields a 19% improvement in
flow heading localization over two symmetric whiskers. The extra information from
asymmetric offset cross whiskers means the flow heading can be predicted within
30° with 50% fewer data points. Finally, a pair of triangle cross-section asymmetric
whiskers have enough information to quantify the likelihood of wind flow during

drone motion in real-time, a valuable metric for a drone maneuvering in the wind.

4.1 Introduction

Research into quadrotor control is advancing towards grasping [76, 77|, perching
[77-79], and autonomous environmental monitoring tasks [80-82]. Some of the most
ambitious control tasks have included picking up an object while moving [76], ma-
nipulating a tethered payload, and simulating a landing in heavy wind [83]. During
these demonstrations, experimental conditions are constrained so that the data from
the sensors can be interpreted correctly. However, for real-world applications, the
sensor fusion algorithms must differentiate between more stimuli. For example, the
accelerations from a moving payload [84], forces from external contact [84], quadro-
tor motion [85] and wind [86] can all generate similar IMU signals. Adding flow
sensors, which are direct measures of the quadrotor’s velocity with respect to the
surrounding airflow, can simplify the differentiation of causal forces to IMU signals,
resulting in improved flight control and state estimation [37, 87, 88|.

Specialized flow sensors are much more common in biological flight than in

quadrotor research [89]. Flow sensor hairs in bats [3, 90] and avian feathers de-
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tect the flow indicative of stall [91]. Tiny hairs on mosquitos are believed to be the
reason these animals can avoid surfaces they can not see during flight[92]. Similar
tiny hairs on a locust’s head allow them to reorient into the wind [93]. The locust
can quickly respond to gusts of wind, which is believed to be facilitated by an array

of individual hairs, each sensitive to specific wind flow direction signals [93].

The biological benefit of flow sensors has motivated numerous hair and whisker-
inspired sensors on aerial vehicles [34, 35, 60, 89]. These hair sensors have improved
control through quadrotor state estimation during flight [36] and during simulations
of landing in high wind [83]. The hair-inspired sensors have also been used to
quantify the flow or stabilization of a hovering drone in wind flow [36, 94-98]. The
drag elements in these whisker-inspired flow sensors typically have symmetric cross

sections to enable flow sensing from all directions.

In this work, we consider how whisker-inspired flow sensors with asymmet-
ric cross sections can improve our understanding of relative airflow on quadrotors
(Fig. 4.1a). Towards that goal, we use whiskers with varied asymmetric cross sections
to determine how this asymmetry influences both the accuracy and time required to
accurately estimate flow. We evaluate five whisker cross sections ranging from full
symmetry (circle) to severely asymmetric (chevron) (Fig. 4.1b). The asymmetric
cross sections are more sensitive to flows from specific directions because of varia-

tions in the drag coefficient and cross sectional area depending on the flow heading.

We also explored how the use of multiple asymmetric whiskers might improve the
accuracy of low measurements. Specifically, we studied how sensing might improve
when the asymmetry of one whisker is offset relative to a second whisker so that one
whisker might be most sensitive when the other is least sensitive to flow. Finally,
we showed how these asymmetric whisker pairs can aid in the disambiguation of
multiple flow sources. A quadrotor might experience multiple flow sources when
it is both moving through the air and experiencing a gust of wind. This is the
first demonstration of its kind as previously, flow sensors have only been able to

distinguish multiple flows in benchtop experiments [99]. Quickly identifying gusts
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Figure 4.1: In this study, we explore how a whisker-inspired sensor with an asym-
metric cross section, like the triangle whiskers shown in a) respond to flow from
different headings. We measured a whisker array’s ability to detect the speed and
heading of flow both on the benchtop and on quadrotors. b) We tested five whisker
cross sections and found that pairs of asymmetric whiskers offset to align the two
whisker-inspired flow sensors’ ¢) minimum sensitivity and d) maximum sensitivity
led to the best performance. e) Each sensor measures flow by rotating a magnet
relative to a Hall Effect sensor. By measuring motion in two axes orthogonal to
the drag element (B, and B,) we can calculate both a flow magnitude || B||s and
direction . Scale bars represent 30 mm.

of wind as well as the direction that this gust is coming from can be a significant

advantage for quadrotor control in windy environments.

4.2 Results

4.2.1 Characterization of Asymmetric Whisker’s Response

to Flow

Whisker-inspired sensors, similar to their biological counterpart, have no sensing
along their length; instead, they have a drag element (whisker) that transmits force
to the fixed end at the whisker base. Airflow causes whisker-inspired sensors to
deflect due to the drag force on the whisker body (Fig. 4.1¢). The rotation at the
base could be measured through vision signals [38], pressure signals [60], or, as in

this work (Fig. 4.1e), magnetic field signals measured by a Hall-effect sensor [35].
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Figure 4.2: a) Wind from the fan applies a drag force to the whisker cross section
causing the whisker to rotate about the springs. The whisker rotation causes a
magnetic field change which is represented by vector 5. The motor’s rotate each

whisker in the airflow so we can record the effect of different flow headings, ¢ on E
The direction of the force is calculated from the sensor signals as 6 (eqn 4.1). The
total drag force on the sensor is proportional to || B||s calculated from equation 4.2.
Each cross section has its own B vs ¢ and 6 vs ¢ curve. The curves for a symmetric
whisker (circle) (b,d) and an asymmetric whisker (triangle) (c,e) are shown here.

Previous whisker-inspired sensors on quadrotors have used a circle [99] or a cross-
shaped cross section for their whisker body (Fig. 4.1b) [35, 36] and assumed minimal
asymmetry. Symmetric whiskers simplify the assumptions used to solve for the
heading and strength of flow. For example, the flow direction signal, § (the arctan
of the magnetic field components) (eqn. 4.1, Fig. 4.2a), of a circle under a single

flow is a good approximation for the flow heading ¢ (Fig. 4.2b).

B
0, = arctan —- 4.1
n Bu ( )
However, due to manufacturing tolerances and assemblies, no sensor is truly
symmetric. The circle whisker is symmetric in theory, but generally needs to be
calibrated to account for manufacturing imperfections [99]. Without calibration,

the signal strength can be stronger than expected along certain axes (Fig. 4.2 d).
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For the cross, previous work found that flow on the cross vertex had noticeably
stronger magnetic field (B) signals than flow on the edge [36] (Fig. B.2 d). In this
work, we investigate the advantage of considering whisker sensor asymmetries rather

than trying to mitigate them.

Asymmetric Whisker Characterization

Asymmetric signal strength response dependent on the direction of the flow is not
unique to the cross whisker [100]. Airflow on the triangle whisker vertex will produce
a signal 4x smaller than that same airflow applied on the triangle’s flat side (Fig. 4.2
e, Fig. 4.1 ¢,d). The strength of the whisker signal, || B||2, is proportional to the drag
force (eq. 4.3) on the whisker. Therefore, if the drag coefficients (Cp) and cross-
sectional areas (A) vary according to the flow direction (), so will the strength of

the asymmetric whisker signal || B||s.

1Bull2 = v/ Bi + B, (4.2)

1
FDrag = §p’l}2CDA (43)

The effect of asymmetry on signal strength is visualized in Fig. 4.2 where d
represents the signal strength of a symmetric whisker and e an asymmetric whisker
as they rotate in our flow field. Due to its asymmetry, the variation in the triangle
curve is more significant and periodic than that in the circle curve. It is noteworthy
that there are three minima on the curve in in Fig. 4.2e corresponding to flow
incident on the triangles vertices.

The effect of an asymmetric whisker shape is also seen in the signal direction
(f) curve. Compared to the linear relationship (y = x) between 6 and ¢ shown
by the circle, a triangle demonstrates considerable non-linearity (Fig. 4.2 b,c).
The authors expect this because the normal force due to wind has a proportionally
larger effect on the whisker displacement than the sheer force from the wind. This

hypothesis is supported by the fact that the semi-horizontal portion of the triangle
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Figure 4.3: For a triangle whisker we can model the expected magnetic field signal as

a combination of the flow heading affect curve, F', and the velocity affect, G(v?,v)
curve. The data collected from flows at 101 heading angles at five velocities is
plotted with the scattered colored points representing the data at a given velocity,
and the model curve is shown in black. On the G(v?,v) curve (right), the 101 data
points are represented by their mean and standard deviation.

curve (y) is centered around the flow on the flat edge of the triangle. The graphs
shown in Fig. 4.2 represent the results of two sensors only for visual clarity, the
curves for each whisker discussed in this work can be found in Figure B.1.

The curve 0(¢p) is also used here to quantify the asymmetry of each whisker. The
asymmetric measure is the root mean square error between a linear ¢ vs ¢ curve
and the ¢ vs. 6 curve; for the circle whisker and triangle whisker shown in figure
(Fig. 4.2 b,c), the sensors asymmetry are 11.4° and 28.6°, respectively. The average
asymmetry value for each whisker cross-section can be found in Table B.1, and a
visualization of the amount of asymmetry is the order of the whiskers in Figure 4.1

b.

Modeling

For flows within a similar Reynolds range, we expect that we can model each sensor
as a response to the input flow vector. The input flow vector is defined by its velocity
and heading. Our sensor response is similarly split, so the expected sensor signal is

defined by two curves: 1. F (gp) that represents the effect of heading on the B, and
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B,, curves, and 2. G(v,v?) which represents the effect of the flow velocity (Fig. 4.3)
on the overall signal strength (B). We found that small variations in manufacturing
led to measurable changes in the sensor profile (Fig. B.1, Fig. B.2), and therefore,

we decided to have a separate calibration curve for each sensor.

B=T« G(v?v) (4.4)

Model Performance

The fit between the model and the experimental data for one triangle whisker can
be seen in figure 4.3. The m, generated from five trials of different velocity flows,
can predict variations in signal strength caused by variations in the flow heading
with an accuracy of 3.42mT RMSE. The curve G(v,v?) predicts variations in the
strength of B due to the flow velocity with an accuracy of yy RMSE. When the two
curves are multiplied together (eqn. 4.4) they represent the expected magnetic field
vector based on an input flow vector. Table 4.1 represents the average Root Mean
Square Error of three whiskers per cross section between the expected magnetic
field vector from the known input flow and the recorded magnetic field vector from

experimental results.

Table 4.1: RMSE of the Model Predicting Sensor Signals

’ \ Circle \ Cross \ Square \ Triangle \ Chevron ‘
| B [38mT [39mT |31mT | 26mT [ 3.0mT |

Visualization of the curve fits for the other asymmetric whisker sensors can be

found in figure B.2.

4.2.2 Estimating Airflow from Sensor Signals

We quantify the benefits of each sensor shape by their ability to accurately predict

the incoming flow velocity (v) and heading (). Here we compare how the whisker
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shape, pairs vs single whiskers and different algorithms affect the accuracy of the
incoming flow prediction. In this work, all algorithms predict flow heading before

velocity to quantify airflow speed accurately.

Single Whisker Flow Estimation

To predict the flow heading for a single whisker, we input the sensed flow direction,
0, into the interpolated p(6) curve (Fig. 4.2 b,c). After we have a flow heading
B

estimate (¢), we use B’ = 7o) o estimate the velocity. The Root Mean Square
Error for a single whisker to estimate flow can be seen in Table 4.2. Unsurprisingly,
if only one whisker is used, a symmetric whisker is the best choice for measuring
flow between 0° and 360°. Given that the triangle and chevron 6 vs. ¢ curves were

not bijective (Fig. 4.2¢, Fig. B.1le), it is unsurprising that larger asymmetry led to

a poorer performance with the 6 vs. ¢ curve method.

Table 4.2: RMSE for Individual Whiskers Predicting Flow

’ \ Circle \ Cross \ Square \ Triangle \ Chevron ‘
v [ 0.40ms™t | 040ms™ | 0.67ms™! | 0.58ms™t | 0.45ms~?
% 8.2° 8.3° 20.7 ° 37.8 ° 31.7°

Considering the curve’s shape yields better performance than estimating flow
using equation 4.1. Using equation 4.1 is the method applied to previous work [35,
99, 100]. The asymmetric metric (Table B.1) is also the RMSE that would be found

if we used equation 4.1 to estimate flow heading.

Whisker Arrays

Single whisker/ hair sensors do not exist in nature. Instead some animals have as
few as 9 [5] whiskers but others have over 275 whiskers [6]. Flow-sensing hairs in
insects allow animals to respond quickly to changes in airflow. It is theorized that
these hair sensors have evolved to reduce the complexity of interpretation through

mechanical filtering. For example, the locust has differently oriented hairs, which
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Figure 4.4: a) We investigate the effect of changing the relative orientation of two
whiskers in a whisker array by rotating the second whisker by an offset, w. b) This
rotation makes it so times when one whisker has a strong signal strength can exist
at the same time as a second sensor with weaker signal strength. For diagrammatic
purposes this is visualized with the same signal strength curve. c¢) The amount
of offset has a marked affect on how accurately algorithm 2 can predict the flow
heading, ¢.

are mainly sensitive to flow headings within a 20° span [101]. One benefit of this

mechanical selectivity could be that it elucidates the causal heading of flow.

Here, we take inspiration from the arrays of hairs used by locusts and consider
how paired whiskers with different relative orientations can improve flow heading
estimation. We define the offset in orientation between two whiskers as w, visualized
in Fig. 4.4 a. The relative rotation shifts the offset whisker’s signal curve so two
whiskers receiving the same flow will generally have different sensor measurements

(Fig. 4.4 b). Here we consider how different offset angles w affect the two algorithms
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Figure 4.5: Top Row: The model (black line) and experimental data (scatter points
for each velocity) of the effect of the whisker’s cross strength on signal strength for
airflow from various headings. ¢. Bottom row: The variation in these curves means
that each whisker has different ideal offsets between the two whisker sensors, w in
order to accurately estimate the flow heading. Here we show the asymmetry with
paired data from the same whisker to highlight the ideal offset.

we use to estimate flow heading. Algorithm 1 aligns with the flow heading prediction
of a single whisker; each sensor estimates flow heading, ¢, from the ¢ vs 6 curve and
the estimate is the average of the two values. In the second method, we consider
the relative strengths of each component of each whisker’s signal (By1, By, Bua.
By2). The algorithm works to answer the question: What flow heading most likely

caused all four signals sensed by the 2-whisker array?

Algorithm 1: Estimating ¢ using the 6 vs ¢ curve The accuracies in Table
4.3 represent the best performance of algorithm 1 for a pair of whiskers with the
same cross section. We measure performance as the root mean square error of the
v estimate when averaging the ¢ from two sensors at their best offset. All of the
predictions were improved by introducing a second whisker to help reduce the effect
of noise. But, by offsetting the whiskers, we see a larger improvement in sensor
performance for the triangle and chevron, which have non-bijective 6 vs ¢ curves.
The best offset orients the whiskers so the non-bijective point does not occur for
both whiskers simultaneously. The increased accuracy in predicting ¢ also results
in better velocity predictions using the calibration curve, as the method to solve the

velocity does not change from a single whisker, but the enhanced ¢ improves the
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accuracy of 0.

Table 4.3: RMSE For Paired Whiskers Predicting Flow using the 6 vs ¢ Method

’ \ Circle \ Cross \ Square \ Triangle \ Chevron ‘
v [ 0.33ms™ | 027ms™! | 0.32ms™! | 0.38ms™! | 0.33ms™!
%) 5.4 ° 5.6 ° 13.0 ° 20.1° 26.7 °

Algorithm 2: Offset Method In the second algorithm, we compare the signals
from two whiskers. When the offset creates differences in signal strength (Fig. 4.4
b), the relative strength of the two signal responses becomes an extra clue into the
flow heading. For example, when two triangle sensors are offset by an angle of 60° as
in figure 4.4, the sensor with flow incident on the vertex will have a signal strength
approximately 0.25z (Fig. 4.1c) the signal strength of the sensor with flow on its
flat side (Fig. 4.1d). In practice, we compare the strengths of B, and B, because
the magnetic field vector components contain inherent direction information. By
considering the strength and direction of two whiskers at once, our algorithm can
considerably narrow the possible solution space.

The offset, allows us to achieve significant differences in the strength curve,

HB”l,Scnsorl
HBHl,SensorQ

(Fig. 4.4b). In Fig. 4.4 ¢, we visualize how different offsets between the
two whiskers alter the root mean square error for estimating flow heading using our
offset method. For the triangle whisker, there is a local minima (black dot on Fig. 4.4
c¢) when the offset is approximately 60° +120°. This correlates to curves that align
the vertex of one whisker and the flat side of another, aligning the maximum and
minimum signal periodically.

This result holds with the results from the other asymmetric whiskers tested.
For the asymmetric whisker cross sections, which similarly have local maxima and
minima in their ¥ curves (Fig. 4.5 a-c), the RMSE varies with the offset (Fig. 4.5
d-f). The cross has 4 local maxima, aligning with angles where the offsets between
the two shapes would lead to symmetry, e.g.,0° £90° x k, where k is an integer.

Notably, for all whiskers but the circle, the ideal offset and algorithm 2 improves flow
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Figure 4.6: Box and Whiskers plots show the span of accuracies for different offsets
for a) Algorithm 1 and ¢) Algorithm 2. The minimum represents the accuracy at the
best offset. Two whiskers at the best offset may better sense flow from some flow
headings than others. This is visualized in the bar chart showing accuracy over five
trials of a b) cross whisker pair and d) a triangle whisker pair sensing flow from 101
flow headings. e) At the best offset, we calculate the effect of having more sensed
data on flow heading accuracy. Each point on the graph represents an additional
data point.

heading prediction over algorithm 1 at the optimal offset. Additionally, the cross,
and triangle whiskers outperform the pair of symmetric circle whiskers, indicating
the benefit of asymmetry in whisker shape. The baseline accuracy to improve past
for flow heading is 5.7° which is the root mean square error of two circle whiskers

with no offset estimating flow heading using algorithm 1.

The RMSE for the best pair of whiskers at their best offset from the experimental

data is listed in Table 4.4.
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Table 4.4: RMSE For Paired Whiskers Predicting Flow using the Offset Method

’ ‘ Circle ‘ Cross ‘ Square ‘ Triangle ‘ Chevron ‘
v [ 0.28ms™t | 0.22ms™! | 0.29ms™! | 0.31ms™ ! | 0.23ms™!
© 5.9° 4.8° 7.0° 4.6 ° 13.6 °

4.2.3 Comparison of the Flow Estimation Methodologies

All paired whiskers have a lower root mean square error than their same-shaped sin-
gle whiskers. However, the offset can significantly increase performance. In Fig. 4.6a
the span of possible RMSE errors for algorithm 1 depending on the offset is repre-
sented by the box and whiskers plot. For the shapes with a non-bijective 6(y) curve
(e.g., the triangle and chevron curvse seen in Fig. B.1) the span of the RMSE is
significantly higher, indicating a larger offset impact than for the one to one func-
tions. The impact on the offset selection is even more dramatic for the non-bijective
curves for algorithm 2. For algorithm 2, we show here 3 whisker shapes that show
better flow heading detection at their ideal offset.

We expect that increasing the number of whiskers would improve the RMSE of
the most asymmetric whisker relative to the RMSE of medium asymmetry whiskers.
This is because we belive the most asymmetric whiskers still have large dead zones,
angles where the sensor has trouble pinpointing the sensor angle. We believe more
sensors could diminish these dead zones. For example, the triangle whisker in its
ideal offset beats the baseline 83% of the time but struggles at specific flow head-
ings(Fig. 4.6 d). The potential of a large number of whiskers is consistent with
previous work on large arrays of 1D hair sensors, which show that considering the
entire array leads to a more comprehensive signal than any single whisker could
identify [89].

For both algorithms, increasing the accuracy in predicting the flow heading also
translates to an increased accuracy in predicting the velocity using the calibration
curve. The exception is the chevron curve, where velocity prediction increases de-
spite medium performance in direction prediction. A possible explanation is that

the dead zones of the chevron whiskers occur in places where the ? curve is rela-
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tively flat, meaning the strength used to solve for the velocity is correct even though

the angle is not as accurate (fig.4.5¢).

4.2.4 Temporal Accuracy

Thus far, we have calculated flow heading accuracy from the median B, and B,
signal over one second (150 data points). Filtering the data through averages is
important because the whisker oscillates about the force balance point, meaning
that any given single signal is not likely to be that accurate. In figure 4.6e, we show
how the extra information about the relative whisker strengths provides us with
more accurate estimates using fewer data points. Because the whisker is oscillat-
ing approximatly around the modeled strength, the relative strength between two
whiskers is often more indicative of flow than a direction signal at a single instant in
time. The time on the x-axis represents the time it takes to collect 150 data points.
Accuracy with fewer data is important for drone wind sensing as it can decrease the

lag between stimuli and the drone response.

4.2.5 Whiskers on a Drone

The increased accuracy with lower samples is ideal when flow sensors move from
benchtop to drone testing because of increased signal noise and the desire for ac-
curate dynamic sensing. Therefore, better performance and a smaller averaging
window are significant advantages on a drone.

A second issue for drone wind sensing in application environments is that there
can be two flow sources relative to the drone: one caused by the drone’s motion,
which we call drag flow, and one caused by airflow, which we call wind. The forces
from the two sources combine on a whisker to create one signal. For two symmetric
whiskers the combined forces would combine on the whiskers the same way leading
to both whiskers signals to indicate a single flow source vector that would correlate
to airspeed.

By contrast, on asymmetric whiskers, the magnitude of the effect of each flow
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Figure 4.7: Both drag from motion and external wind flow will cause forces on
our whisker-inspired sensors. As our quadrotor passes a box fan, the force of the
external flow on the whisker depends on the orientation of the whisker relative to
the heading. Here, we have two triangle whiskers offset by w = 60° in the orientation
shown in a. a) The whiskers travel across a room through the airflow. b) When the
drone is at full speed but there is no wind (t=17 to 17.4) the two whisker sensors
should predict the same flow heading. By contrast, we can identify two separate
drag forces when we have two whisker signals with 1. strong signal response (not
shown) and 2: two distinct flow heading predictions. c-e) We demonstrated the
viability of these conditions by programming an LED into the sensor system, which
lit when the two prior conditions were met. 12 demonstrations of this can be found
in the Supplementary Videos.

source on a whisker depends on the individual flow headings. The different signal
strengths correlate to different forces on the whisker, meaning the combined force

from the two wind vectors yield two distinct whisker signal vectors.

This idea was tested with two triangle whiskers offset by w = 60° on our micro-
drone, subject to single- and double-flow sources (Fig. 4.7a). Under single flow, the
signal strength varied, but both whisker’s predicted a flow source with the same

flow heading (Fig. 4.7b). However, when a second flow source is introduced, the
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sensed angle of flow depends on the whisker’s cross-section perpendicular to the
flow heading. A whisker with its flat side (the strong signal) oriented towards the
wind source had a strong reaction to the wind, while a whisker with its vertex (the
weak signal) oriented towards the wind source had a stronger response to the drag
flow as the wind effect was smaller. The result is whiskers which sensed angle of flow
0 is distinct. In the test we ran the angle between the two flows was approximately
90° and the difference between the sensed angles was about 30°.

The experiments where we quantified dual flow were repeated this time using an
LED to indicate times when both whiskers detected air flow but the gaps between
the sensed angles were substantial (Fig. 4.7c-e). These conditions indicated two
flow sources. Consistently over four orientations of the drone and several trials,
we saw the LED turn on in front of the fan and turn off after leaving the fan
flow (Supplementary Video 3). Still images from one trial are shown in Fig. 4.7.
This demonstrates a sensing methodology to identify strong wind during flight.
This distinction was accomplished with only two whisker sensors on a relatively
lightweight (80g) drone. We expect that more whiskers and a more substantial

drone could expand the ability of these asymmetric whisker arrays even further.

4.3 Conclusion

In this paper, we have shown that strategically orienting a pair of asymmetric
whisker sensors can mechanically elucidate the causal direction of flow, simplifying
signal interpretation. Critical to the asymmetric whiskers’ success was the amount
of offset between the whisker sensors; offsets which maximized the difference be-
tween the two signal strengths performed best. We found that we needed to collect
fewer data points to improve sensor accuracy below a set threshold using a pair of
asymmetric whiskers than a pair of symmetric circle whiskers. The best asymmetric
whisker pair improved the prediction of velocity and flow heading by 62 % and 36
%, respectively over a pair of sensors with circular cross-sections.

A second major benefit of using whiskers which are asymmetrically sensitive to
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flow from different headings is the ability to identify when more than one flow source
is present. As long as the flow sources interact on different profiles of the whisker
cross section their forces will combine differently. A major limitation of this is they
will not work well if the two flows headings are close to an angle of symmetry (for
a triangle this would be 120°) because the forces would combine in the same way.
The authors want to caution, this is only viable when one of the airflow sources
is caused by self motion, flow mixing is a very real concern for two external flow
sources. Interpreting flow accurately and quickly is an asset to quadcopters looking
to incorporate external wind and drag into their control algorithm. We expect there
are whisker cross sections which will improve our results even further. Sparser and
clearer signals will lead to further improvements for quadcopters hoping to behave
autonomously and semi-autonomously outdoors.

In this work we explore asymmetric sensitivity for five asymmetric shapes. Im-
portantly, the authors don’t believe they have found the best asymmetric shapes to
apply this methodology; future work could explore a large optimization space for
the asymmetric cross-section. We expect that these results will be further improved
with new designs for asymmetric whiskers. This work also explores two relatively
large whiskers for asymmetric flow sensing, future applications can take this work

further with larger arrays of smaller whiskers.

4.4 Experimental Section

4.4.1 Whisker Manufacturing

This work studies how an asymmetric whisker cross-section affects a quadrotor’s
ability to estimate and differentiate flow. We tested five cross sections (Figure 4.1
b). Each whisker is printed using a Form Labs 3D printer. The cross and cheveron
whiskers have a wall thickness of 2 mm and circle, square and traiangle whiskers have
0.4mm walls but are internally hollow. Each shape takes up maximally a 15 mm x

15 mm square.
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Outside of the changes to the drag element, the sensing mechanism is the same
as [35] (Figure 4.2 b-¢). When the whisker experiences drag force from wind, it
rotates about the center of the rotation of the laser cut steel spring (photolaser
U4, LPKF cutting 0.1 mm spring steel) it is glued to. The magnet, (2 mm?® magnet
C0020, Supermagnetman) glued on the opposite side of the spring rotates an equal
magnitude in the opposite direction. This rotation is detected by the Hall Effect
Sensor (TLE493-W2B6 A0, Infineon) kept 2 mm away from the center of rotation by
the 3D printed housing. When more than one whisker is considered, a multiplexer
(TCA9548A 1-to-8 12C Multiplexer) gives each sensor a unique address to be read
by the Micro Controller boards (Arduino Uno for bench top, Seeed Studio BLE for

drone cage).

4.4.2 Data Processing

In this work, we detect air flow using the same sensing modality as whisker-inspired
flow sensors from previous work [35, 99]. The raw signals from these sensors are
magnetic field component vectors B, and B,,. The signals can be converted into the
component vectors into a signal direction (#) and a signal strength (|| B||2) described

by equations 4.1, 4.2.

Notably, the whisker sensor does not rotate to a fixed rotation, it oscillates in
the wind around a rotation angle which balances the drag force and spring force
[35] (Supplementary Video 1). To find this balance point, the directional magnetic
field signals (B, and B,,) from the sensor are put through an averaging filter with
a window of five, which will remove up to one value if it’s an outlier. The outlier
removal is rarely triggered but remains in the code to catch data due to a momentary
electrical glitch. The filtered signals are then evaluated using equations 4.1 and 4.2.
0, is the angle of the direction of rotation of the whisker and || B,|| is a measure of
the magnitude of rotation. On a circular whisker 6,, would be a good representation

of p-w and ||B,|| would be proportional to m * v? in all directions [100].
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4.4.3 Experimental Design
Bench Top

The test setups are improved over previous work [99], allowing us to get a more
precise calibration curve of the whiskers 0° to 359° response under single speed flow
(Fig. 4.2a). A fan (Vevor Utility Blower Fan 10” diameter) was used to supply
wind through an MRP Aiflow Straitner (12”7 x 12”7 0.25” honeycomb cell) to the
experimental test. The velocity of the fan was controlled by a BN-Link Exhaust
Fan Speed Controller. The airflow speed was measured by an anemometer (4330,
Thomas Scientific). Four sensors at a time where, each placed on its own Nema 17
stepper motor, which was controlled by an Arduino Uno to turn in 3.6° steps. The
whiskers are 35 mm apart. This separation allows us to test the whisker’s response
to flow without a strong likelihood that the airflow hitting one whisker affects the
signal on another, such as what happens in flow shadowing [99].

A video of our data collection can be seen in Supplementary Video 2. The four
whiskers are subjected to five trials at five airflow speeds. The speed that reaches
each of the whiskers can vary as much as 10% so we use the anemometer readings
in front of each whisker after a test and take the average of the four speeds. The
motors control the whiskers’ rotation, and sensor signals are collected every 3.6°.
The signals are collected 20s after the end of the rotation to prevent any inertial
effects. 150 data points are collected for each whisker, angle and flow, which equals
1s of data. The experimental data likely only holds for flows at similar reynolds
numbers, here a value between 1000 and 6000 with most flows in the transition zone.
If one would like sensors for flows outside the range tested here the sensor needs to
be redisigned so the flows can be detected/ don’t break the sensor, which requires
recalibration anyway.

After the data is collected an algorithm shifts the data to minimize the asymme-
try score of the sensor. In other words to minimize the distance between the motor
angles and 6 values. This shifting will bring the curve back to the origin if the test

was accidently started with the sensor at 1.6° instead of 0°.
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Drone Cage

Quadrotor tests integrated the asymmetric triangle sensors with the DJI Tello
quadrotor. The quadrotor flew in a 10m x 10m indoor motion capture arena.

The quadrotor was controlled via hand-held control that ran over wifi.

The whiskers were mounted via an assembly of 3D printed parts. The Seeed
Studio BLE Sense board collects data from the multiplexer. The data from the
sensor(s) and the board’s accelerometer is then saved on an SD Card using a MicroSD

card breakout board. Two experiments were run.

1. The drone flew along its +x axis reaching a maximum speed of approximately
1.2ms~! in front of the same box fan from experimental data before. The
drone maintained its speed until it reached the opposite side of the drone cage
then slowed to a stop. Signals to begin and end data collection was sent over
Bluetooth Low Energy. Signals were collected every 60 Hz. The fan airflow

was applied across the drones +y axis.

2. The same test was repeated with the drone flying along its (+x,-x,+y,-y) axes
over separate trials. The airflow source was always at 90° from the direction of
travel. These angles where chosen because they don’t induce flow shadowing
[99] an issue for arrays of whiskers on drones. In this test no data was saved
to the SD card. Instead an LED was turned on when the conditions of Dual
Flow were met. Without saving data the drone could sample the two whiskers
at greater than 130 Hz. The x and y data from the drone was filltered twice

with a filter window of 10 data points. The conditions for dual flow are:

(a) Both whiskers with a signal strength above a threshold (15 mT) indicating

both whiskers are sensing an airflow signal.

(b) 161-(65 — w)| > 30°

Chapter 4 Teresa A. Kent 91



Whisker-Inspired Sensors for Unstructured Environments

4.4.4 Algorithms
Data Driven Model

We found the underlying function for the model by collecting each whisker’s B, and
B, response to five trials of velocity flows with ¢ —w € {0,360}. Each component of
the signal response vector B is then normalzed by the median signal strength (|| Bl|2,

over the five velocity trials

eqn 4.2) for that one trials velocity. By averaging %(32)

we get a curve that represents ? for each sensor. We then use ? curve to get the
average % value for each velocity tested as shown in Fig. 4.3b. For each sensor, the
least squares method is used to find the constants C; , Cy and Cj5 in the equation
% = C; *v%2 4+ Cy x v + Cs3. In addition to the averages from the experimental data
a sixth point is added at the origin as part of the fit. By combining the F and G
curves fit from the experimental data we can predict the expected magnetic field
response given a flow of known heading (¢) and velocity (v) as long as we know the

sensors offset (w) from the global cordinate system.

By —w) :F(go—w;G(zﬂ,U) (4.5)

Single Flow Analysis

Two different algorithms are compared for their performance to predict the flow
heading ¢. The two algorithms are named the Theta Method, the Offset Method.

Theta Method: This method modified the current practice for whisker-inspired
sensors [35, 36, 99, 100] to work well on asymmetric whiskers, which do not have
linear ¢ vs 6 curves (Fig. 4.2c). From the F curve we can calculate expected sensor
signals (0) for each flow heading, (¢). When estimating ¢ we use this calibrated
curve to indicate what ¢ most likely caused the 6 signal. When considering two
whiskers, with the second whisker at an offset, the offset is a known variable that
can be subtracted before averaging the two guesses.

We use this method, with no offset for the circular whiskers to generate the

baseline as it is most similar to prior work. A mathmatical representation of this
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algorithm is shown in algorithm 1.

Algorithm 1 Theta Method: Estimating ¢ using a ¢ vs 6 curve

1: w < known offset(s)

2: n < number of whiskers

3: F, < known response of the whisker based on ¢

4: F, < known response of the whisker based on ¢

5: 0(p), < known curve of sensor n solved for from experimental data and equation
4.1 > 360xn

6: for ¢ < 0 to 359 do

7: for 1 < 1tondo

8: 0'{¢,i} = arctan %

9: end for > 360 x n

10: end for

11: for 7 <— 1 ton do

12: B.. , B., < sensors signals from a single ¢ > 2x1
B,

13: 0; = arctan z* — w,

4. E=>%_,6;—0)? > 360

15: o = argmin{E}

16: end for

17 9 =31, %

Offset Method: The offset method takes advantage of two whiskers offset at an
angle, which will have different strength and directional responses because of differ-
ent axis orientations, drag coefficients, and areas in the angle of the flow heading.
By considering the two signal responses at once, we hope to estimate the signal more
accurately than by taking the average of the two whiskers’ predictions (Fig. 4.4).

To do this we need to know the expected relative signal strength between the
two whiskers for every flow heading . Given a known offset we use the F curve to
find to expected, B,, B, and signal strength of each whisker. We then normalize
the sensor signals by the strongest absolute signal strength. The normalized B, and
By, signals for ¢ = 0 : 359 are then stored in our Look Up array.

The cumulative root mean square error between the expected signals (360x4)
and normalized experimental signals (1x4) gives us a likelihood that the four exper-
imental sensor signals were caused by a given flow heading (360x1). In the offset
method, we estimate ¢ as the point where there is the minimum error between the

look up table and the experimental data.
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A mathematical representation of this algorithm is shown in algorithm 1.

Algorithm 2 Estimating ¢ using the Offset Method

— = =

w < known offset(s)
n <— number of whiskers
F,, < known response of the whisker based on ¢
F, < known response of the whisker based on ¢
for ¢ < 0 to 359 do

for i < 1ton do

0 = p + w;

end for Fu(6,),Fu(6])...F(6,),F, (6!

F{p, 1} = Sadtmn s o o > 360 x 2n
end for

: B!, , B! < norm sensors signals from a single ¢

P B = 2%1:1({3;1; BBy, By} — F')? > 360
: @ =argmin{E}

Evaluating the Algorithms

On the benchtop, for all but the temporal analysis, the 150 data points collected at

one speed and flow direction are compressed to the average B, and B, value over

the data points to calculate the ¢ and v estimates.

For the temporal analysis an averaging filter is applied to the B, and B, over

the 150 data points so that when the filter is 1 it is just the raw data and when the

filter is 150 B, is the average which matches the previous benchtop test value. The

estimates are then calculated for all of the 150 B, and B, values generated.

For all data the RMSE of ¢ and v represents five velocities and 101 angles of

flow.
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Abstract

Understanding airflow around a drone is critical for performing advanced maneuvers
while maintaining flight stability. Recent research has worked to understand this
flow by employing 2D and 3D flow sensors to measure flow from a single source like
wind or the drone’s relative motion. Our current work advances flow detection by in-

troducing a strategy to distinguish between two flow sources applied simultaneously

95



Whisker-Inspired Sensors for Unstructured Environments

from different directions. By densely packing an array of flow sensors (or whiskers),
we alter the path of airflow as it moves through the array. We have named this tech-
nique “flow shadowing” because we take advantage of the fact that a downstream
whisker shadowed (or occluded) by an upstream whisker receives less incident flow.
We show that this relationship is predictable for two whiskers based on the percent
of occlusion. We then show that a 2x2 spatial array of whiskers responds asymmet-
rically when multiple flow sources from different headings are applied to the array.
This asymmetry is direction-dependent, allowing us to predict the headings of flow

from two different sources, like wind and a drone’s relative motion.

5.1 Introduction

Direct measurement of airflow around a drone (e.g., the velocity and direction of
flow) has led to several improvements in drone flight control [36, 37, 102]. Most
drones experience at least two sources of airflow: 1) the relative motion of the drone
and 2) environmental sources, such as wind. Direct measurement of drone velocity
through airflow can provide real-time feedback and improved state estimation [35,
36, 103]. Measurement of environmental wind flow can allow a drone to incorporate
drag forces into its motion and navigation [36, 87] and, importantly, improve stability
(83, 104].

A measurement challenge arises when both airflow signals are present; the flow
signal caused by drone motion cannot be easily distinguished from the flow signal
caused by wind. No published sensor has been shown to distinguish and interpret
flow from two sources simultaneously. This gap contrasts with the natural world,
where animals interpret complex flow signals during flight or while swimming using
arrays of whisker /hair sensors [3, 10, 105, 106]. For animals such as the harbor seal,
an array of whiskers is critical to interpreting the vortices caused by prey while the
seal is swimming. As a vortex passes the seal’s upstream whiskers, the whiskers’
shape amplifies the vortices that are then detected by the downstream whiskers [10].

Using the idea that the shape of an array can modify flow across an array, we
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No Flow 5 m/S Flow

Figure 5.1: Top and side views of two whisker-inspired flow sensors demonstrating
flow shadowing. The upstream whisker (green) rotates significantly in response to
an incident flow. In contrast, the downstream whisker (purple) in the shadow of the
upstream whisker oscillates around its original position.

engineered a sensing array with the novel ability to isolate the distinct headings
of two separate flow sources. In our array, upstream whisker-inspired sensors can
block or partially block the flow to downstream whiskers, a phenomenon we call
“flow shadowing”. In flow shadowing, the upstream whisker(s) receive the full effect
of the airflow, but the downstream whisker(s) (which are in the front whisker’s
“shadow”) only receive a portion of the flow (Fig. 5.1). The shadowing becomes
multi-directional when a second flow source is introduced, increasing the asymmetry
in signal response. Comparing the response of all whiskers in the array allows us to

identify the origin heading of two simultaneous flows.

Our first experiment quantifies the flow shadowing phenomenon using a modi-
fied version of two previously developed sensors [35, 107] under partial and complete
occlusion. We found a linear response between the percent of whisker shadowed and
the magnitude of the comparative signal responses. The linear relationship exists
in ideal conditions (wind tunnel) and imperfect flow (box fan). Importantly, we
determined that reduced spacing between the two whiskers increased the magnitude
of the flow shadowing phenomenon under imperfect flow. In our second experiment,

we subjected a 2x2 array of whiskers to flow from one or two different sources, show-
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Figure 5.2: Diagram of nomenclature for two flow signals. a) Flow 1: A drone flying
at velocity vprone with a flow sensor onboard measures a flow signal equal to but
opposite the drone’s velocity (v1, 7). b) Flow 2: The environment in which a drone
flies has wind. An onboard flow sensor will respond to the wind flow (vg, 2). ¢) A
flow sensor that responds to both flow types equally will measure a combined signal.
d) a is a measure of the difference between the headings of the two flow stimuli (¢
or (y) which are estimated from an array of flow sensors.

ing that shadowing in multiple directions yields a predictable asymmetric response
in an array. We use these asymmetric signals to estimate the flow headings under
two conditions: 1) we know the heading of one of the flows, and 2) we have no prior

information about the flows.

5.2 Related Work

5.2.1 Arrays of hair sensors in biology

Flow-sensing hairs are often critical to aerial flight, giving animals information about
speed and stability. One study showed that when hairs were removed from bat wings,
the bats altered their flight, performing more naturally stable maneuvers and flying
faster [3]. Locusts also use hairs to detect flow and for flight stability. Airflow
across locust hairs induces flight movements, which does not occur when their hairs
are temporarily desensitized. Hair desensitization also prevents the locust from
maintaining stable flight [105].

Most animals that use whiskers/hairs to sense flow use an array of hairs. Under-
standing the importance of the array neurologically is complex, so much of the prior
research on arrays has focused on the array mechanics. Research shows flow-sensing
hairs can work together to provide a complete picture of the flow. For example, each

of the flow-sensing hairs on a locust responds most strongly to flow from a single

98 Chapter 5 Teresa A. Kent



Whisker-Inspired Sensors for Unstructured Environments

direction, but locusts are covered in hairs with different orientations, allowing them
to better understand the flow environment [106]. Harbor seals also have whisker
arrays. In harbor seals, the upstream whiskers maximize the vortex-induced vibra-

tions caused by their prey to increase the sensing ability of the downstream whiskers

[10].

5.2.2 Direct Flow Sensors

There is a long history of 1D flow sensing on commercial aircraft, but here we focus
on 2D and 3D flow sensing as it is more relevant to drone flight. Four types of flow
sensors have been used to capture both the direction and magnitude of airflows:
anemometer arrays [96, 108-111], pitot tube pressure arrays [94, 112], hot wire
arrays [37, 113-115], and whisker-inspired sensors [35]. The first three sensors (all
but the whisker-inspired sensors) use an array of 1D sensors to obtain a 2D or 3D
flow vector. Our work is based on the whisker-inspired sensor; the functionality of
this sensor is described in the Methods section.

Previously published flow sensors have demonstrated the benefits of drone ve-
locity sensing [35, 94, 96]. The authors compared the drone velocity estimated from
flow sensors to the drone’s velocity profile collected from motion tracking data [35,
94]. Good velocity estimation is important for state estimation and navigation tasks.
Accurate velocity estimates are also essential for advanced maneuvers, where mea-
surements can help predict lift and drag [103]. All prior demonstrations of velocity
estimation via flow were performed in a drone cage with negligible wind.

Information about wind flow provides force information to a drone’s flight con-
troller. In [37] and [102], researchers incorporated the flow sensor signal into the
drone control algorithm to maintain position stability in gusty flow. In [36], re-
searchers combined flow sensor and IMU data to estimate the direction of an ex-
ternal gust while subtracting flow from motion. The same researchers later showed
in simulation how the flow sensor could help a drone land in gusty conditions [83].

In all three papers, the gust represented a significantly larger magnitude flow than
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any flow due to the drone’s motion in contrast to the study presented in our current

work.

5.2.3 Indirect Measures of Flow

While the sensors discussed in the prior section measure flow directly, drone velocity,
wind [85], and drag [116] have also been measured through indirect measurements.
The challenge, similar to direct flow measurements, is that another sensor type must
be present to measure multiple flow sources [86]. Optical flow sensors estimate the
velocity of a drone by tracking features on earth during the drone’s flight [117, 118]
provided the environment has sufficiently distinct features. Inertial measurement
units (IMUs) have been used to both calculate drone velocity [119] and external
wind [86]. Often, data from IMU sensors, GPS and optical flow [120, 121] are fused
together to predict velocity, as each one is situationally imperfect at measuring

velocity.

5.3 Methods

5.3.1 Nomenclature

The sensing array aims to define the origin of two flow sources of similar velocity
(v). The headings of the two flows are labeled ¢; and 5 relative to the drone. In
experimental results, «, the smallest angle between the two flows is also calculated
because differentiating two separate flows becomes more difficult as a gets smaller.
We also expect that the relative magnitudes of the two flows, Z—;, will also affect our

ability to accurately distinguish multiple flow sources. These variables are depicted

in Fig. 5.2.

5.3.2 Array Manufacturing

The design of the sensing system is the same as [52, 107] and is modeled using the

same methods as [52, 107]. The only update is a change in fin shape from a cross
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[52] to a 50mm tall, 15 mm diameter hollow cylinder. The cylinder is expected to
have a uniform drag response for various flow directions in 2D, which was not true
for the cross shape [36].

A diagrammatic representation of the sensor design is in Fig. 5.3c. A 2mm?®
magnet (C0020, Supermagnetman) is glued on the backside of a laser-cut spring
(photolaser U4, LPKF) made from 0.1 mm steel. A hollow cylinder with a taper at
the base is 3D printed using a Formlabs printer and attached to the spring opposite
the magnet. As the flow hits the cylinder surface, the cylinder “whisker” rotates
about its fixed point (the center of the spring) (Supplementary Video). The magnet
also rotates through an equal and opposite angle. A Hall effect sensor (TLE493-
W2B6 A0, Infineon) detects this rotation. The magnet and Hall effect sensor are
kept at a constant separation by a 3D-printed housing.

The array of sensors (Fig. 5.3b) maintains a spacing, s, between whiskers of
35mm unless explicitly specified otherwise. The spacing is maintained using laser
cut and 3D-printed housings and secured with screws. Each sensor in the array is
connected to an Arduino Uno through a multiplexer (TCA9548A 1-to-8 12C Multi-

plexer) which can sample all four sensors in the array at over 100 Hz.

5.3.3 Data Processing

When flow hits a whisker, the whisker oscillates about a point where the spring forces
and the drag forces are balanced [52] (Supplementary Video). The average rotation
magnitude and direction are indicative of the velocity and direction of flow. These
features of rotation are measured by changes in the magnetic field signal recorded
by the 3 axes of the Hall effect sensor (B,,, By, and B,,). The Hall effect sensors’
axes are aligned with the axis of the full array (Fig. 5.3a) and the numbers circled
in Fig. 5.3b represent the whisker number in the array.

To counteract variability in the manufacturing process, each sensor is calibrated
individually by applying a 5.5ms™! flow parallel to the Hall effects sensor’s +x, -x,

+y, and -y axes in turn. These stored values can be used to normalize the response
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Figure 5.3: a) 2x2 array design. b) Four whiskers are separated by s = 35mm in
both x and y axes in an array. c¢) The sensors are designed similar to [52]. A Hall
effect sensor measures the rotations of the whisker drag element suspended by a
spring. (Supplementary Video).

to analyze data. After calibrating the sensor, the magnetic field signals B,, and
B, are passed through an averaging filter with a window of 5 before solving for
the magnitude of the signal (||B,||2). Subscript n refers to the sensor number in
the array. Averaging is important as it allows us to solve for the net vector rather
than the magnitude of oscillation. Finally we solve for the direction of each sensor’s
signal (6,,). 6, is always a measurement of an individual sensor and ¢ (Fig. 5.2) is

always a prediction about environmental flow.

By,
6, = arctan By (5.1)

1Bull2 = /B, + B, (5.2)

When measuring flow shadowing, the final step is to normalize the signal magnitude

by ||Bmaz||2, the max value of ||B,||2 in the array. This step provides a magnitude

relative to the array rather than relative to the calibration velocity.
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Figure 5.4: The whisker arrays were tested under two types of airflow. a) One or two
fans supplied airflow to a whisker array mounted on an optical table. The optical
table and a ThorLabs rotational stage aided repeatability as the headings of flow
were varied around the array. b) A wind tunnel was used to apply airflow from a
single direction to whisker arrays.

5.3.4 Experimental Setups
Wind Tunnel Tests

Wind tunnel tests (Fig. 5.4b) were carried out in a C15-10 Armfield subsonic wind
tunnel. An anemometer (4330, Thomas Scientific) was placed next to the sensing
array to ensure that the desired velocities were reached. The mounts for the tests
were 3D printed to allow flow orientation to be controlled at intervals of 5°. Wind
tunnel tests were used to evaluate the response of pairs of sensors to flow from a

single direction.

Box Fan Testing

Multiple flow directions cannot be provided in a controlled wind tunnel setup, so
instead two box fans (Lasko Pro performance three-speed fan, Stanley Model 655 704
three-speed fan) were used to evaluate flow from multiple sources (Fig. 5.4a). The
second fan was only used to test flow from multiple sources, and we made no attempt
to keep these flows laminar. Here, the array was placed on a Thorlabs manual stage
which allowed for control of the incident angle of flow within 0.5° relative to the

array. Fan tests were used to evaluate the response of individual sensors, pairs of
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sensors, and a 2x2 array of sensors to flow from one or more sources.

5.3.5 Experimental Tests

Sensor Characterization

Using the box fan setup, a single whisker was tested under single flow with orienta-

tions between 0°-360° in increments of 10°. The test was performed at 6.5ms™*.

Flow Shadowing

We characterized flow shadowing with pairs of whiskers using both the box fan
and wind tunnel environments. Using both environments allowed us to determine
how whisker sensor responses could be affected by the additional turbulence applied
by the fans. Two whiskers were separated by a spacing s = (35 mm in the wind
tunnel30 mm using the fan). The whiskers were rotated around the upstream whisker
in headings () of five degree increments between —30° and 30°. The variation in
heading angle changed the percent of occlusion (%,e.) of the downstream whisker
which was calculated as follows, where d represents the diameter of the drag element.

d — min{s * sin(y), d}

%occ - d

(5.3)

In the wind tunnel, flow velocities of both 5ms™! and 6.5ms™! were applied to

the sensors. For the box fans, velocities of 5.5ms™! and 6.5 ms™*

were applied. First
the signals were normalized compared to the values recorded during the calibration

data. Second we solved for 6,, and ||B,||> using Eqns. 5.1,5.2. Finally, the value

HBdownHQ

of the upstream and the downstream whiskers were compared to calculate TBolls
up

where ‘up’ represents the signal from the upstream whisker, e.g., the whisker closer to

the fan. The tests were repeated, switching the upstream and downstream whiskers.
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Spacing Tests

We also tested how the spacing between a pair of whiskers, s, affected the amount of
flow shadowing under 100% occlusion (Eqn. 5.3, the upstream whisker completely
shadowing the downstream whisker) using the fan experiment. s was varied from
30mm to 50mm in 5mm increments (Fig. 5.4a). The applied flow speed was
6.5ms~ . In initial tests, we found that the two whiskers made contact at this

flow speed if the spacing was below 30 mm.

Single and Double Flow Characterization

We tested how the measured response of a 2x2 array of four whiskers (Fig. 5.4a)
varied under different headings and velocities of airflow. The array was tested in all
combinations of the following variables ¢; = {0°,15°}, av = {45°,90°,135°} , vy = {
5.2,6.5ms™'} and vy = {7.3, 8.3ms~"'}. Combinations of the flow speeds led to *

ratios of {0.60,0.71,0.90}.

5.3.6 Algorithm

Two algorithms were considered in this work. In Method 1, we assume that ¢
is known (e.g., from an IMU or optic flow sensor) and we use the array results to
solve for ¢5. In Method 2, we assume that no information is known about either
¢ and solve for both headings. The magnitude and angle from each whisker sensor
is combined into a vector ?n The two methods are outlined below, but are also
visually represented in Fig. 5.10.

Method 1: ¢, is known

1. Using Eqns. 5.3, 5.4 predict the expected response of Flow 1, ij with known

P1-
2. AB, =B, - Bl

3. Remove whisker data where % .. = 0.
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%
4. Decompose AB,, into AB, and AB,.

5. predicted ¢y = arctan(‘z,%i ﬁgz)

Method 2: Solving for both ¢ values

1. Estimate p;: A first estimate for ¢ can be found from the 6, value furthest
from the mean of all 6,,, 0. Picking this value decreases the chance of predicting

@1 as the net flow.

2. Using Eqns. 5.3, 5.4 predict the expected response of first flow, ij with

predicted ;.

3. AB -B. - B

n

—>
4. Decompose AB,, into AB,, and AB,

5. predicted g = arctan(M)

AR,

6. Repeat steps 2-5, starting with ¢, as the input flow to improve upon ¢, pre-

diction.

5.4 Results and Discussion

5.4.1 Single Sensor Characterization

.e®

57300 L o
] a8 ®
E . ':'-. -*
Z 200 - e |
o - ¥
£ oot
5 100 - e 7
£ e * ks

Og' » 1 | 1 I 1 L |

0 50 100 150 200 250 300 350

True Angle [7]

Figure 5.5: Comparison of the true heading of flow () versus the sensor predicted

flow heading (0) for a single sensor with airflow provided by a fan. Each heading
includes two trials.

The sensor was updated from [52] to obtain a uniform response from all flow

headings by changing the previous cross shape to a circle. The accuracy of the
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sensor’s 6 reading was compared to the applied flow ¢ and found to be accurate

with a root mean square error of 5.22° (Fig. 5.5).
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Figure 5.6: Results from a single trial of two whiskers placed under a flow of
v =6.5ms™!, ¢ = 0° in the wind tunnel. In this case, % = 100 %. a) Mag-
nitude of the upstream (green) and downstream (purple) whisker response (||Bl|2,
Eqn. 5.2). b) The estimated direction of the whiskers’ responses (¢, Eqn. 5.1).

5.4.2 Flow Shadowing Characterization

Two sensor arrays were used to characterize flow shadowing. As expected (and seen
in Figs. 5.1 and 5.6), the downstream whisker exhibits a smaller signal response
|| Baown|| when occluded by the upstream whisker. Results in Fig. 5.6 also indicate
that a more turbulent flow is incident on the downstream whisker. The ||Bgown|
signal is more oscillatory and the predicted angle changes frequently. These results
were true in both the wind tunnel and under flow from the box fan although the
oscillations of both whiskers were greater under the more turbulent flow from the

box fan.

Spacing

We predicted that the effect of low shadowing would decrease as the spacing between

the whiskers increased. This expectation agreed with the results in Fig. 5.7. The
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Figure 5.7: The signal response of two whiskers under 100% occlusion were recorded
as the spacing, s, between the two whiskers was changed. Error bars represent the
standard deviation over 3 trials.

0.8

=
%

1 0.6

1B 1,/1B, I,

10.4

=
S

0.2

Normalized Signal Response
=] =]
(3] (=%

0

results indicated that a more densely packed array of whiskers will improve the flow
shadowing effect. We chose a final spacing of 35mm to maximize flow shadowing

while minimizing the chance of whisker-to-whisker contact.
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Figure 5.8: Whisker sensors were rotated relative to each other and the heading of
flow. This rotation changed %,.. as calculated in Eqn. 5.3. When %, ~ 100%
the downstream whisker’s surface area is fully shadowed by the upstream whisker.
When %,.. ~ 0% the downstream whisker is fully exposed to the flow. The affect
of this shadowing on the sensor signal was measured using the fan and wind tunnel
setups. The tests were performed with a fan (black) and then repeated in a wind
tunnel (blue). The spacing in the fan test was 30 mm and in the wind tunnel 35 mm.
Error bars represent the standard deviation over three trials.

Fig. 5.8 compares the relative magnitudes of the upstream and downstream
whiskers versus the expected percent of occlusion (Eqn. 5.3). Note that in the
results, some flow reaches the downstream whisker even at 100% occlusion. Flow

occlusion was tested in a variety of wind flow types and directions of the whisker;
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in every result a linear trend was the best descriptor between the percent occlusion
and the magnitude ratio. For the algorithm portion of the study, this relationship

is represented with the following equation.

||Bdown||2

=1~ 0.8 % (%oce,/100 5.4
Bulls (Zo0ce/100) (5.4)

a)’_\_’ Legend b)) B, - C)
~ @ ,0 7
s \ o
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v1=6.3 m/s, =0° v1=6.3 m/s, p=0°
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p=90°

Figure 5.9: Visualization of the flow vectors from the 2x2 array of whiskers in a)
under b) one and ¢) two sources of flow.

5.4.3 Single and Double Flow Characterization

The effect of occlusion is also seen on a 2x2 array of four whiskers under single flow
(Fig. 5.9b). In the example shown, the upstream whiskers’ magnitude response
||B||2 is larger than the downstream whiskers. The flow direction predicted by
the upstream whiskers (f) is also more accurate to the true flow heading (p; =
0°). When a second flow source is introduced (Fig. 5.9¢), flow blocking becomes
multi-directional. In this experiment, whisker 1 is 100 % occluded from the second
flow source at po = 90° and therefore the majority of its magnetic field response
(B) is due to flow 1 (¢; = 0°). In contrast, whiskers 3 and 4 are 0% occluded
from the 90° flow which is also a higher velocity flow than flow 1 so their signal
is strongly affected by flow 2. Whisker 2 is 100 % occluded from both sources of
flow and its direction prediction is closer to the net flow that we would expect if
no flow shadowing occurred. The flow shadowing responses in Fig. 5.9c illustrate

the asymmetry in the whisker response across the array that allows us to estimate
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Figure 5.10: a) A single trial of data is used to illustrate how the two algorithms
work. b) Algorithm 1 considers a scenario where one of the directions of flow is
known (¢1) and the algorithm needs to estimate 5. ¢) Algorithm 2 is designed to
estimate ¢, and ¢, with no prior knowledge. It therefore begins by making a guess
about ¢, before applying a similar method to Algorithm 1.

headings of the two flow sources and prevents the problem shown in (Fig. 5.2c)

where all four sensors respond to the average flow.

5.4.4 Algorithm

The algorithms to estimate o (if ¢y is known) or ¢; 5 (if no flows are known) take
advantage of the array’s asymmetry. Method 1 uses the known ¢, calculates the
expected flow across the array for this flow from Eqn. 5.4, and uses the result to
estimate the direction of the second flow (Fig. 5.10b). Method 2 assumes no prior
knowledge of the flow headings. A first estimate of ; is found from the flow direction
in the array most separate from the mean (Fig. 5.10c). ¢5 is then estimated using
a similar approach to Method 1.

Results were collected across at least 2 trials of 24 different combinations of two
flows with varying headings and speeds and are summarized in Table 5.1 for angle

combinations with a = 90° and 135°. For each o and flow speed ratio, a root mean

square error (RMSE) was calculated for all trials as RMSE = \/ Y1 pr — Papredicted)? /-
Overall, the calculated RMSE for the various headings across both algorithms
were relatively low, especially given that a small array of whiskers (2x2) was used

in this study. We did find in test cases when a = 45° (not included in Table 5.1)
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Table 5.1: Flow Heading RMSE Across All Trials

Method 1 Method 2
a | 2 | v RMSE | ¢y RMSE | ¢ RMSE
90° | 0.9 30.5° 9.9° 22.9°
90° | 0.7 16.0° 13.2° 23.7°
90° | 0.6 15.4° 7.8° 7.3°
135° [ 0.9 8.9° 43.2° 26.1°
135° [ 0.7 | 22.1° 36.3° 24.9°
135° | 0.6 20.2° 45.0° 16.8°

that error became significantly higher. In these cases where the two incident flow
sources are closer in direction, the small 2x2 array is not able to provide enough
asymmetry. The creation of larger arrays to improve accuracy and the smallest
distinguishable « is an interesting direction for future study. The velocity ratio also
seems to affect the accuracy of the heading predictions although we cannot yet say
this with statistical certainty. As expected, prediction estimates seem to improve
as the velocity ratio moves further away from 1 (e.g., one flow is significantly faster
than the other). Finally, while the results presented are calculated from 50 collected
data points, the algorithms will work with as few as 5 data points since these result
in a standard deviation below the sensor’s RMSE. This will ultimately reduce the

time required to estimate the flow vectors.

5.5 Conclusion

This work demonstrates the benefits of flow shadowing, a phenomenon that occurs
when whiskers are packed densely in an array, for estimating the headings of multiple
flow sources. Using a modified version of whisker-based flow sensors from previous
work [35], we quantified the flow shadowing effect and derived an empirical model.
Using a 2x2 whisker array, we showed that flow shadowing creates a direction-
dependent asymmetric response. Asymmetry in the array response allowed our
algorithms to predict the flow headings with relative accuracy. We expect that more

whiskers, a higher density, and improvements to the algorithm can further improve
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our results, including an estimate of velocity for both flows. The work presented
here represents the first steps toward sensors that are capable of a more nuanced

understanding of the flow surrounding a variety of unmanned aerial vehicles.
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Abstract

Dedicated 2D or 3D wind sensors have proved advantageous in keeping quadrotors

stable in the wind. However, flow sensors are rarely used on a moving quadrotor be-
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cause the quadrotor’s motion creates a drag signal on the flow sensor. When the flow
sensors try to measure wind during quadrotor motion, the sensor instead measures
the quadrotor’s combined airspeed and windspeed. Here, we build on earlier work
demonstrating the potential of densely packed whisker sensors to separate multiple
flow sources through a phenomenon we call “flow shadowing.” Flow shadowing is
given that name because, in a densely packed array, the upstream whiskers shadow
the downstream whisker, changing the amount of flow that reaches them. Here, we
extend the proof of concept to a model that accurately represents the flow shadowing
phenomenon and can be applied to arrays of different shapes. The improved model
increased flow heading detection accuracy. We also demonstrate the flow shadow-
ing phenomenon on a moving quadrotor. The improved accuracy and proof of the
flow shadowing phenomenon further emphasizes the potential of flow shadowing to

enables a deeper understanding of the environment in which quadrotors operate.

6.1 Introduction

Commercial applications of quadrotor research, including midflight package pickup
[76] and outdoor infrastructure inspection of wind turbines [122], have shown im-
pressive performance in the lab. To translate these capabilities and control from the
lab to deployment, it is important to consider the effect of less structured environ-
ments. Specifically, researchers often avoid windy conditions when designing new
control systems, waiting for clear weather, or conducting tests indoors.

When wind is present, quickly estimating wind forces is essential for flight sta-
bility and achieving the desired control [123]. Wind can be quantified using inertial
measurement units [86], ground speed (measured by cameras and GPS) [123], and
motor signals such as power requirements and propeller rotation speed [124]. How-
ever, these sensor signals could also indicate payload motion, external contact, or
motor degradation [85]. For this reason, in addition to redundancy, a dedicated
wind sensor, less affected by extraneous stimuli, would be an asset to drone sensing.

Unlike airspeed sensors on fixed-wing aircraft, quadrotors need sensors capable of
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Figure 6.1: A Flow Shadowing 2 x 2 grid of whiskers on a micro quadroter in flight.
Scale bar represents 100 mm

estimating 2D or 3D wind vectors. Whisker /hair-inspired flow sensors are a common
approach to wind sensing on quadrotors. These sensors have been used to estimate
drone speed by measuring relative airflow due to drone motion [36, 125], estimate

wind speed during hover [95-98], and to improve hovering stability [36, 126].

However, to the authors’ knowledge, using whisker-inspired sensors to estimate
wind speed on a moving quadrotor has yet to be demonstrated. This task is more
challenging because the wind and drone movements both create drag forces on the
whisker flow sensor [36], which will combine into a single vector signal. Previously,
we hypothesized that an array of densely packed whisker-inspired sensors could be
used to identify two separate flow sources, such as wind and flow due to drone mo-
tion, and we demonstrated the basic principle of this idea in a benchtop experiment
[99]. In that work, a whisker downstream of the flow source could be “shadowed” by
an upstream whisker, reducing its signal response. Measurement of signals from a
four-whisker array allowed us to estimate the relative angles of two flow sources using
algorithms based on a simplified model of the flow shadowing phenomenon. The ap-
proach demonstrated an innovative methodology but still had significant limitations:
it worked best when 1) the two flow sources had similar velocities, and 2) when the
relative flow angles from two sources caused large amounts of shadowing. Despite

these limitations, in specific flow combinations, a secondary flow heading could be
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estimated with a root mean square error (RMSE) of 7.3° using this approach [99].

The work described in this paper includes several contributions beyond the pre-
vious initial demonstration of the flow shadowing phenomenon. We expand the
previous flow shadowing model by using a data-driven approach to develop a set of
equations that estimate how flow shadowing affects sensor signals based on input
flow vectors and array shapes. Our model can predict sensor signals from shadowing
for novel array shapes, including expanded arrays of up to nine whiskers (compared
to the original four).

The improved accuracy of our data-driven model also allows us to generate syn-
thetic data to improve our flow estimation algorithms. For example, we use this data
to generate expected array signals when exposed to multiple flow sources, which our
algorithms match to the collected signals. We then demonstrate wind flow and
airspeed signals on a quadrotor for the first time. We incorporated a 4-whisker ar-
ray onto a small (80g) quadrotor to quantify a wind vector (from a fan) while the

quadrotor is in flight (Figure 6.1).

6.2 Methods: Model Development

Our goal is to create an array of whisker-inspired flow sensors that can accurately
define airflow when there are one or two airflow sources. To achieve this, we cre-

ated a whisker-inspired airflow sensing array based on the flow shadowing principle

described in [99].

6.2.1 Nomenclature for the Airflows and Flow Shadowing

In this work, we develop data-driven models to map incoming airflows to sensor
signals as well as algorithms to determine airflows from measured sensor signals.
As such, it is important to define a nomenclature for both the airflows and sensor
signals. Airflow vectors are defined by their velocity component v and direction

component ¢ measured in ms~! and ° respectively (Figure 6.2). These vectors are
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defined relative to the drone coordinates.

Figure 6.2: Problem Nomenclature: The goal of this research is to define two flows
by their heading (¢; and ¢3) and speed (vy, vy) relative to the drone’s axis. The
relationship between the two flows, such as the angle between the two flows (a) and
the velocity ratios (Z—;), can affect the difficulty of calculating the flow vectors from
the sensor data.

In addition, because flow shadowing is a critical component of this work, it is
important to define this phenomenon as in our previous work [99]. In a densely
packed array, the whiskers closest to the incoming flow source are fully exposed to
the flow (and defined as “upstream” whiskers; any whiskers “downstream” of another
whisker may exist in the upstream whisker’s “shadow” and receive less exposure to

the wind flow. For this reason, this idea was called “flow Shadowing”.

6.2.2 Sensor and Array Design

This work uses the same sensor design used in previous work [99], which was based
on the sensors in [35]. A brief description of the sensor is shown in Fig. 6.3b is
provided for convenience.

The whisker-inspired body is a hollow cylinder 40 mm high and 15 mm in diam-
eter (Fig. 6.3b). Airflow on the whisker sensor causes a rotation about the center
of a serpentine spring cut from steel (LPKF photolaser U4). The whisker tapers
for 2mm beyond its height to create a square the same size as a plate at the center
of rotation of the spring. Glue is applied to join the spring and the whisker. The

spring dimensions are listed in [35, 99].
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Figure 6.3: a) An array of nine whisker sensors is densely packed in a grid shape. b)
Each sensor has a whisker body attached to a spring, with a magnet on the opposite
side. A Hall Effect sensor measures the changes in the magnetic field caused by the
whisker’s rotation in the wind. c¢) The array shape has whiskers spaced (s) 35 mm
apart and numbered in accordance with the picture.

Simultaneous to the whisker rotation, an equal but opposite rotation occurs for
a magnet (2mm?® C0020, Supermagnetman) beneath the spring. The rotation of
the magnet is sensed by measuring the magnetic field using a Hall Effect Sensor
(TLE493-W2B6 A0, Infineon). The change in the magnetic field is approximately
linearly related to the drag force [100]. The edges of the spring are fixed inside a
slot in the 3D printed housing, which is secured to a circuit board where the Hall

Effect sensors are soldered.

In this work, many of these individual whisker-inspired sensors were combined
into a densely packed array. The shape of the array was maintained using a custom
printed circuit board (PCB). Each sensor in the array is connected to an Arduino
Uno through 12C multiplexers (TCA9548A 1-to-8 I12C Multiplexer). The PCB pro-

vided a 3x3 grid onto which whisker sensors could be assembled; the centers of each
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whisker on this grid are spaced a distance s = 35 mm apart. The Hall effect sensors’
axes are aligned with the axis of the entire array (Fig. 6.3a) and the numbers circled
in Fig. 6.3c represent the whisker number in the array. Whisker-inspired sensors
are attached to the circuit boards with screws, and the setup can sample all nine

sensors at sample rates of 60 Hz (Fig. 6.3a).

6.2.3 Signal Processing

Each whisker sensor outputs magnetic field strength signals that need to be pro-
cessed. Due to manufacturing tolerances, each sensor can react somewhat differ-
ently to the same airflow so it is important to calibrate each sensor in advance. To
calibrate, we collect the magnetic field signal strength when airflow is applied to
the the Hall Effect sensor’s +x, -x, +y, and -y axes. For each whisker, we apply
airflow at three different velocities and record the magnetic field signal along that
same axis. The magnitudes of this airflow range from 2ms~! to 6ms=1.

From the analytical model of the springs [127] used in previous work [99, 100],
we know that an approximately quadratic relationship exists between the magnetic
field magnitude B and the airflow velocity, v: B = m * v%. m is a constant that we
fit to the calibration data using the least squares method. Because we calculate an
m value for each axis we have four total values, 77, for each whisker.

To effectively compare the whisker signals in the array we also need the signals
to be equal when no shadowing occurs. To achieve this, we normalize each whisker’s
response in the whisker array. In Eqn. 6.1, EZ’ represents the raw (non-normalized)
magnetic field measurement for a given airflow vector, m, represents the related
calibrated fit constant, and m represents the average fit constant across the entire

array (assuming n whiskers in the array, this is the average of 4n different calibration

_>
m values). B; represents the normalized magnetic field measurement.

- m =
B;, = B! 6.1
ﬁi * Dy ( )
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After this normalization step, the magnitude of the magnetic field B is related

to the airflow velocity by Eqn. 6.2 on each whisker regardless of flow heading.

B = * v? (6.2)

When exposed to airflow, the sensors also oscillate due to flow turbulence and
flow vortices generated when the flow interacts with the whiskers. As such, it is
also necessary to filter the magnetic field signals B,; and B,; to remove some of
this additional noise. A moving average filter (5-sample window) is used on B,; and
By; before calculating the magnitude (Eqn. 6.4) and direction (Eqn. 6.3) of each
sensor’s signal. In these equations, the subscript ¢ refers to the sensor number in

the array (Fig. 6.3c).

By,
0; = arctan By (6.3)

i

By =,/B. + B}, (6.4)

6.3 Results: Model Development

In our previous work, we demonstrated the potential of a densely packed array of
whisker-inspired flow sensors to generate signals that provide information about the
flow vectors from up to two flow sources [99]. Inherent to that work’s ability to
interpret the signals and estimate multiple flow vectors was a model that could
predict the expected sensor response based on a known airflow. As an extension
to that previous work, this paper develops a more accurate and more generalizable
model between flow input and sensor response to further improve our ability to
estimate flows across a wider variety of flow conditions. We develop this model
using a data-driven approach.

This model uses an expanded set of equations compared to [99], with constants

fit using a least squares method. The model estimates the expected change in the
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magnetic field vector of our sensor § given one or more known airflow vectors of

velocity v and direction ¢.

6.3.1 Experimental Data Collection

To fit our model. We tested how varying arrays of whiskers responded to flows from
a single flow source at different flow headings. The flow source was provided by an
exhaust fan (VEVOR 107 Exhaust). The speed of the fan could be adjusted using an
Exhaust Fan Speed Controller (BN-Link) and was measured using an anemometer
(4330, Thomas Scientific). We attached a 12” x 12” flow straightening screen (made
from a %” thick metal plate patterned with a honeycomb design) to the front of
the fan using tape. The array was placed on a NEMA 23 stepper motor that could
rotate in increments of 1.6°. The whisker sensors were screwed into the circuit board,
making the array shape modular. Arrays of 1, 2, 3 and 4 whiskers were used for
fitting different components of the flow shadowing model.

1 and

The model was designed based on flow speeds between 1ms™! to 5ms™
therefore we only assume its validity in this range of velocities. These speeds result
in a Reynolds number between 1000 and 6000 for air passing the whiskers, making
the flow transitional. In previous work, [99], flow shadowing was measured using
a box fan, which was also in the transition regime, and in a wind tunnel, which

produced laminar flow. Responses were found to be similar for both of these airflow

conditions.

6.3.2 Single Flow, Single Whisker

Before we can fit our model, every whisker used must be calibrated according to our
signal processing methodology. The sensors are calibrated one at a time to avoid
interaction forces with other whiskers. After calibration, the sensors are marked
so that they are always in the location on the PCB that they were calibrated in.
After calibration, Eqn. 6.2 can be used to predict the magnetic field strength, B,

within 0.47mT given a known airflow velocity. The fit between Eqn. 6.2 and the

Chapter 6 Teresa A. Kent 121



Whisker-Inspired Sensors for Unstructured Environments
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- | B
e '

5 Whisker Array
Figure 6.4: Experimental Test Setup: a) Screws attach five whiskers to the circuit

board in a 3 x 3 grid. b) Airflow is applied to two whiskers as the whiskers as they
are rotated by a NEMA 23 motor. Scale bars represent 40 mm

experimentally collected magnetic field strength of for four whiskers tested at four
non-zero velocities has an R? value of 0.99 (Fig. 6.5). The Root Mean Square error
between the applied angle of airflow (¢) and the calculated 6 from sensor readings

(Eqn. 6.3) for airflow at a velocity of 4.5ms™", is 5.2°.

B [MmT]
o

0 1 2 3 4 5
Velocity [m/s]

Figure 6.5: The relationship between velocity and magnetic field for this sensor
design has previously been established as B = m * v* [100, 127]. After calibration
(Eqn. 6.1), the signal strength, B for each whisker (4 shades of blue) should be
approximately the same given the same applied flow velocity.
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Figure 6.6: The goal of modeling is to create a set of equations that can faithfully
approximate how airflow travels through the array. a) For two whiskers, the im-
portant variables are the overlap O and the spacing s. To evaluate the generated
model, we compared the following: a) experimental results, b)results from ANSY'S
fluent, and c) the results of the data-driven model. In this example, a cylinder is
placed at the origin in a 5ms™! flow field parallel to the x axis. The dashed gray
circle shows where the closest whisker would be located under this flow.

6.3.3 Shadowing from a Single Whisker

In flow shadowing, a downstream whisker exists in the upstream whisker’s shadow
(Fig. 6.6a), which prevents the full magnitude of flow from reaching the downstream
whisker (Fig. 6.6). For this array design, previous work has shown that the ratio,
M, between the normalized signal strength of the upstream whisker (B;) and the

downstream whisker (B;) is not velocity dependent [99].
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Previous work has also shown that the ratio M is affected by the overlap, O,
(indicating the length of whisker directly shadowed by an upstream whisker, Fig.
6.6) and the spacing, s, between the two whiskers.

Unlike prior work, our new model allows M to be greater than 1 by setting the
denominator as the signal from the upstream whisker instead of the whisker with
the maximum signal. As a result, our new model recognizes that the flow velocity
increases as the flow travels around the upstream whisker circumference. This local
velocity increase is visible in the results from the ANSYS fluent test performed for
laminar flow over a 15mm diameter cylinder (Fig. 6.6¢). The velocity increase was
also verified in separate tests in which we used the anemometer to read the flow
speed directly in front of the downstream whisker.

In our new model, we use a series of equations to quantify the affect of the overlap
O and spacing s on the magnitude ratio M. The equations are fit to experimentally
collected data of two whiskers rotated by a motor to vary the angle between the
whiskers relative to the flow field (¢ — w; ;) (Fig. 6.4b). Four spacings (s) between

! From the experimental data

the whiskers were tested under an airflow of 4ms™
we estimated the constants in our equations by minimizing the error.

It is first important to calculate the overlap, O; ;, of the two whiskers in the

ivj
direction perpendicular to the flow heading. This variable is represented pictorially
in Fig. 6.6a, where the height of the shadow (shaded region) represents an overlap of
6 mm. The variable is quantified using Eqn. 6.6 where s * sin(|¢ — w; ;|) represents
the distance between the centers of two whiskers along an axis perpendicular to the

airflow using the global angle between the two whiskers (w; ;) and the global angle

of flow ().

O, =d—sx*sin(le —w;j|) (6.6)

Spacing (s) affects airflow that reaches the downstream whisker (Fig. 6.6a). The

larger the spacing between two whiskers, the more time the velocity field has to
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return to the uniformity it had before encountering the upstream whisker. We

represent the affect of spacing in Eqn. 6.7, where S™J represents the minimum value

min
of M; ; for a given spacing. This minimum occurs when the downstream whisker has
an overlap equal to the whisker diameter, d. We use a linear relationship to represent

the relationship between S*%. and s with Cy and Cs fit to the experimental data

min

collected when there was a 15 mm overlap.

i,J
Smin

= 02 * Sij — 03 (67)

We combine Eqn. 6.6 and Eqn. 6.7 to model M, ; as a piecewise function of O; ;

and S™. in Eqn. 6.8. The transition points of the piecewise function are values of

O and are depicted pictorally on Fig. 6.6b. For values of O below C; (the point at
which the perpendicular distance between the two whiskers results in the maximum

M; j signal, S&7 ) the first equation is used. Cj is the experimentally fit overlap point

max

where M, ; equals 1. The equation forces M, ; = Sk

min

when O = d and M;; =1

when O = C4.
S xS+ 8 ito <
Mij = 1+ (0~ C5)Ssazl if C) <0 < Cy (6.8)
L, if C5 <0

The fit variables for all O values below C are in Table 6.1. It is important to

note that sensor calibration significantly affects the constants in Eqn., 6.7.

Table 6.1: Calibration values for modeling normalized signal magnitude during flow
shadowing

’ Variable Name \ Equation Number \ Variable Name \ Value ‘
o eqn. 6.8 Max M Point —1mm
Cs eqn. 6.7 Spacing Slope 0.01
Cs eqn. 6.7 Spacing Intercept 0.1
Cy eqn. 6.8 Transition Point | 3mm
Cs eqn. 6.8 Max Effect Point | —4 mm
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The final variable we fit to the data is C5 which represents the overlap value where
increasing the perpendicular distance is too large for measurable flow shadowing
affects. After this point no shadowing occurs so M; ; =1

For the experimental data we collected at four different spacings (Fig. 6.6¢), the
average R value for M; ; is 0.94.

The model for M gives us the strength ratio of the signal B between the upstream
and downstream whiskers at any given x- and y-point. Since B is proportional
to v2, /M represents the ratio of the sensed flow velocity for the upstream and
downstream whiskers (Fig. 6.6d). Our model predicts what a whisker would sense if
it were centered at an x,y point. This means our model is closer represents averages
over the 15mm diamater whisker surface area. By contrast, the ANSYS results
in Fig. 6.6¢ represents the true airflow velocity at that point. Therefore, we do
not expect a perfect match between the two models. Even still, the shape and

approximate velocities at specific locations demonstrate significant visual similarity.

6.3.4 Shadowing from Multiple Whiskers

Previous models did did not consider a flow angle ¢ where a downstream whisker
is in the shadow of more than one other whisker. Here, we model multiple shad-
ows, hereafter referred to as dual shadowing. There are two different cases of dual

shadowing: 1) non-overlapping dual shadowing, and 2) overlapping dual shadowing,.

Non-Overlapping Dual Shadowing

In non-overlapping dual shadowing, the downstream whisker is shadowed by two
whiskers (j and k) whose shadows do not overlap on the whisker (Fig. 6.7a). We
therefore treat each signal effect (M;;, M,;) independently when calculating the

total magnitude effect on the downstream whisker ¢ (M;):

M;=1—(1— M) —(1— My) (6.9)
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Figure 6.7: a) In non-overlapping occlusion, two shadows are cast by two separate
whiskers onto a single downstream whisker. The downstream whisker feels the effect
of both whiskers but never receives more shadowing than it would in a single whisker
100% occlusion case. b) In overlapping occlusion, two whiskers are shadowed. Here,
the most upstream whisker (blue) casts a shadow on two downstream whiskers
(red and black). The red whisker is also upstream from the black whisker, leading
it to cast its own shadow. Our model demonstrates the expected sensed flow of
whiskers at different x and y positions in cases of ¢) non-overlappingshadowing and
d) overlapping shadowing. Our model shows that the shadowing and velocity effect
can be magnified in the overlapping case. Compared to the model shown in Fig. 6.6¢,
the shadowed area (near 0 velocities) area is much larger, as are the zones where
the velocity speed increases on the outside of the whisker.

Overlapping Dual Shadowing

By contrast, in overlapping dual shadowing, one of the whiskers shadowing the
downstream whisker is already shadowed itself (Fig. 6.7b). In that case, the AN-
SYS model demonstrated that the overlapping shadow can be more significant than
shadows cast by a single whisker. For this reason, we chose to model a down-
steram whisker experiencing overlapping dual shadowing as related to the upstream
whisker’s M value. This model design decision makes it important to solve for the
shadowing affects from the most upstream whisker to the most downstream whisker

so the algorithm can have the whisker’s magnitude ratios (A/;,M;,) for eqn. 6.10
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(Fig. 6.7d).

6.3.5 Dual Airflows

A significant advantage of flow shadowing is the ability to discern multiple airflows
present on the whisker array. The previous models were for a single airflow incident
on the whiskers. To model the response from two different airflows, we assume that
the total response of a whisker sensor is the combination of responses from each

individual airflow on the whisker, including shadowing.

2
B, = Z M; o % % v2 (6.11)

Flow=1

6.3.6 Combined Model

Order is critical to correctly combining the equations we developed to estimate the
sensor response. Whiskers closer to a flow source are not modeled to be affected
by flow shadowing from the whiskers behind them. Algorithm 3 represents how the
equations from the previous sections are combined to estimateﬁ for each whisker

from one or two known flow vectors.

6.3.7 Model Validation

The accuracy of Algorithm 3 under single flow was experimentally tested on arrays
of three and four whiskers rotated between 0° and 180°. One example is shown in
Fig. 6.8. In the pictured test, four whiskers are rotated relative to a flow source.
While the whiskers rotate, three are shadowed, and two whiskers experience over-
lapping shadows (whiskers 6 and 8). The shadowing on whiskers 6 and 8 are mirrors

of each other because of the array shape symmetry. The root mean square percent
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Algorithm 3 Estimating Sensor Response to Known Airflow Vector(s)

1: Known Variables:

2: F' < Number of Flow Sources

3: n < Number of Whiskers

4: z,y < global positions of whiskers in the array

5: I < indices of whiskers from upstream to downstream (F x n)

6: for a < 0 to F' do

T for [ < 0 ton do

8: i« Ia,l] > Most Upstream First
9: Mo+ 1 > Solve Starts from 1
10: for k< 0tol—1do > Only look upstream
11: J <« Ifa, k]

12: Mi7j7a = f(Si,iji,ja (pa) > eqn.: 6.6,6.7,6.8
13: if Mi,j,a # 1 then

14: Mi@ = M;q— (1 — Mi,j,a * Mjﬂ) > 6.9,6.10
15: end if

16: end for

17: end for

18: Biaz = Mg * Mo % cos(pg) x v2 > eqn.: 6.3,6.4,6.1
19: By = miy * M; o * sin(pg) * v2 > eqn.: 6.3,6.4,6.1
20: end for
21: Bix =" Biaus > eqn.:6.11
22: By = 25:_01 B ay > eqn.:6.11

error (RMSPE) between the data shown and the model was 14% and a test of three

had a RMSPE of 15%.

6.4 Methods: Sensing Two Flows

The ultimate goal of this work is to use measured signals from the flow shadowing
array to correctly solve for the airflow velocity(s), v, and heading(s) ¢ incident on the
whisker array. In this paper, we assume that we know the number of airflows, and if
there are two airflows, we know one of the airflows (e.g., the velocity of the drone).
For both single and dual flow scenarios, we compare estimates of the flow velocity
and heading generated from two algorithms (Net Vector and Look Up Table). Both
algorithms use the whiskers’ magnetic field signals as inputs. In addition, both
methods are velocity invariant, and we estimate the velocity of the airflow, ¢ only

after solving for the airflow heading .
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Figure 6.8: Four whiskers placed on a NEMA 17 motor are spaced in the configu-
ration shown in a). As the motor rotates, the whiskers travel into and out of each
others shadow. The modeled (gray) and experimental (black) signal are shown for
each whisker in the graphs below the visualization of the rotation in a-c.

6.4.1 Net Vector

This method is a modified version of flow estimation used in previous work [35]. To
estimate the flow direction, x and y components of the normalized magnetic field
signals are summed together. Because we use the normalized magnetic field signals,
this results in more weight accorded to the upstream whiskers for predicting ¢. The
0 is the average velocity predicted from the strongest signals of y/n, where n is the
number of whiskers in the array. For an array with a single whisker, this equation
is no different from Eqn. 6.3. For multiple whiskers spaced far enough apart that

no shadowing occurs, this equation will result in the average prediction from all n
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whiskers. The velocity estimate v is the average velocity predicted from Eqn. 6.2.

%;i—zg:) (6.12)

Onet = arctan(

6.4.2 Look Up Table

The look up table algorithm estimates ¢ by considering each whisker signal’s relative
magnitude compared to the array’s maximum signal. We generate the look up table
using our model and Algorithm 3 with a 1° resolution for each whisker in the array,
resulting in a 360 x n x 2 look up table. Because our model has M values greater than
1 we need to normalize each of the 360 rows so the maximum absolute signal strength
in the row is 1. This same normalization is preformed to any new experimental data
collected so both the look up table and experimental data contain whisker array

values between -1 and 1. We can then use this look up table in Algorithm 4.

Algorithm 4 Predicting ¢ using a Look Up Table

LU + Look—}Jp Table ] > 360 x n x 2 Array
Buo,Byo---Ban,Byn

Bnorm - maac(abs?[Bzg,Byo....Bgm,Byn]) >nx2 Array

Dist = Zaxis:Z,?;(LU — Brorm)? > 360 x 1 Array

» = argmin(Dist)

0= \/median(%)

6.5 Results: Sensing Two Flows

6.5.1 Validation Data Sources

The algorithms to convert sensor signals to airflow vectors were validated using two
methods: 1) simulated data, and 2) experimental data. Using Algorithm 1 3, we
created expected array magnetic field signals for different whisker arrays in response
to flow vectors whose velocity and flow heading were randomly selected from the

test space. The simulated data had Gaussian noise added to the magnetic field
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responses of + 1mT, which was found to be the approximate Root Mean Square
Error between the model and the experimental data in Fig. 6.8. The algorithms are
further tested on experimental data previously collected from a four whisker array
arranged in a 2x2 grid [99)].

In addition, we also provided a baseline comparison using four whiskers with a
large enough separation so that no flow shadowing would occur. These four whiskers
were placed on individual NEMA 17 motors and rotated in increments of 1.6° in front

of the fan (Fig. 6.9).

Airflow Source

WL

4 Independent
Whiskers

Figure 6.9: Experimental Test Setup: Four whisker sensors are placed on four NEMA
17 motors in order to measure their response to airflow without any flow shadowing
affects. Scale bar represents 40 mm

6.5.2 Predicting a Single Airflow

We found the flow shadowing array with our updated algorithm could predict the
heading of a single flow with an RMSE of 3.7°. This accuracy is comparable to the
baseline of four whiskers, which could collectively predict the heading of flow with
a Root Mean Square Error (RMSE) of 3.4°. The Look Up table algorithm was the
better solver for the flow shadowing array than the net vector method because it

could use the shadowing as insight into the flow source.
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Despite similar prediction errors, the individual whiskers and the densely packed
array both have their benefits. The four independent whiskers do not require a large
specific area but cannot get closer together than 78 mm; as we have shown, there will
be flow shadowing effects even at that spacing. The four-whisker flow shadowing
array must exist in one 60x60 mm? square area, which is a more rigid requirement
but allows the flow sensing to be confined to a more compact area which may be
more important on a drone. The modeled and experimental results of predicting

velocity and flow from a single airflow are shown in Tables 6.2 and 6.3 respectively.

Table 6.2: Flow Heading RMSE Across Single Flow Trials

’ \ Net Vector \ Look Up Table ‘

Single Whisker 5.3° -

Baseline: 4 Independent Whiskers 3.4° —
Simulated 4 Whiskers 2.8° 3.0°
Experimental Results 4 Whiskers 16.6° 3.7°
Simulated 9 Whiskers 2.4° 2.3°

Table 6.3: Velocity RMSE Across Single Flow Trials

’ \ Net Vector \ Look Up Table ‘

Single Whisker 0.51ms* =
Simulated 4 Whiskers 0.10ms~! 0.16ms™!
Experimental Results 4 Whiskers | 0.58 ms™! 0.61ms™!
Simulated 9 Whiskers 0.19ms™! 0.10ms~!

The gap between the model predicted and experimental accuracy of the flow
shadowing array is minimal, indicating the model may be a good predictor for the
look-up table performance. However, the gap between the solver on the modeled
data and experimental data was much more substantial for the Net Vector method.
One hypothesis for this larger gap is that the heavy oscillations induced in the
downstream whiskers, which we have previously seen as a result of the shadowing
phenomenon [99], increase the noise on the downstream whisker significantly which
has a disproportionate effect on the net vector solver method. Both the single

whisker and the flow shadowing method did poorly at predicting the flow speed.
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Future work should continue to explore improvements to the algorithm methodology.

6.5.3 Predicting Dual Flow

Unsurprisingly, there is more noise in the sensor signal when there are two flow
sources compared to one. The RMSE for the experimental and modeled data re-
sulting from two flows can be found in the tables below:

Table 6.4: Flow Heading RMSE For Second Flow

’ \ Net Vector \ Look Up Table ‘

Single Whisker 16.2° -
Simulated 4 Whiskers 3.0° 3.2°
Experimental Results 4 Whiskers 33.3° 5.3°
Simulated 9 Whiskers 2.2° 2.0°

Table 6.5: Flow Velocity RMSE For Second Flow

’ \ Net Vector \ Look Up Table ‘

Single Whisker -
Simulated Four Whiskers 0.17ms™! 0.11ms*
Experimental Results Four Whiskers | 1.08 ms™! 1.04ms™?
Simulated Nine Whiskers 0.24ms™! 0.11ms~!

For the array of four, both the model and the experimental results indicated a
modest increase in the RMSE for predicting the ¢. This analysis was performed
on the same data as the data used to make Table I in [99]. In that publication
the RMSE for predicting ¢, spanned between 8.9° and 30.5° demonstrating the
significant improvement the updated model yields in second flow source prediction.
Here, we see a marked improvement in predicting the direction of the second flow
source within 5.3° for the same data.

Our algorithms were significantly less accurate in predicting the velocity from
the old experimental data compared to predicting flow heading. One of the reasons
we believe the velocity prediction was so inaccurate was the test set up. The authors
want to caution future researchers against using the test setup shown in [99]. There,

we used two fans to simulate the flows. We recommend that future work use a
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moving platform and one external flow source, as we do for the final section of this
work. This recommendation is because when the authors switched to a larger fan
the potential for two external flows to mix became a much more glaring issue with

the prior test setup.

6.6 Flow Shadowing on a Drone

6.6.1 Experimental SetUp

Here, we test a flow shadowing array on a drone for the first time. A 2x2 array with
the same parameters as [99] array was placed on a DJI Tello quadrotor (Fig. 6.9b).
Instead of an Arduino Uno the I2C Mux was connected to a SEED Studio BLE
Sense board. Data was collected and saved on a SD Card via a MicroSD card
breakoutboard. The SD Card collected data at 40 Hz. The tests were performed in
a 10m x 10 m indoor motion capture arena using 24 Optitrack PrimeX 41 cameras.
The same fan as had been previously used for benchtop tests was also placed in the

drone arena to collect flow signals. The signal processing was done offline.

Figure 6.10: Experimental Test Setup: To test dual flow, a 2 x 2 array attached to
a DJI Tello drone flies around a room with an airflow source. Scale bar is 40 mm.
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6.6.2 Result

As the drone flies around the drone cage it travels in and out of the fan flow. An
example of a drone entering the flow field is shown in Figure 6.11b. In the selected
data, we have shown that shadowing occurs in two ways. First, the drone’s motion
creates dominant signals on the orange and blue whiskers. The navy blue whisker
is the first to show a response to the fan, with the cyan whisker reaching the fan’s
airflow about 0.4s later. The delay is a first for flow shadowing because, in all
previous examples, we could assume the airflow was the same for all whiskers on the
array. The dip in the velocity flow measured by the orange signal is not the flow
mixing but the drone slowing down as it enters the flow field because our quadrotor

must slow down to maintain stable flight in the wind.

o
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Figure 6.11: a) A DJI Tello drone performs casting motion in front of a fan flow
source, so the flow shadowing array is subject to moments of single and dual flow. b)
One instance of the wind flow field is shown where the whiskers in the configuration
are shown on the x-axis as they pass in front of a fan flow source.
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6.7 Discussion and Conclusion

Here we advance our understanding of the flow shadowing phenomenon from the
methodology seen in [99] to a system of equations that can be generalized to/ verified
on a larger variety of arrays. The improved model allowed us to consider both the
strength and direction of signals in our new solver, improving the flow heading
estimations on the same data set used in [99].

As part of this work, we discovered the pitfalls of simulating flow shadowing on a
benchtop with two flow sources. Subsequently, we demonstrate the flow shadowing
phenomenon on a drone, the first work demonstrating a mechanical sensor approach
for dual-flow detection. The benefit of mechanical sensors is that they are more
generalizable than models trained on specific drones or that incorporate the physics
of specific drone drag. The adaptability is demonstrated by the whisker array that
works both on the benchtop and on the quadrotor. Working without knowledge
of the specific quadrotor to which it is attached decreases the labor in new system
integration.

We expect this work can be pushed further by better models of the flowshadow-
ing phenomenon and larger arrays. There are similarities between the flowshadowing
we demonstrate here and work modeling flow through dense arrays of cricket hairs
[128]. Using our models and others to improve the complexity strategically could po-
tentially push the abilities of the array of whiskers, possibly sensing flow shadowing
in 3D or elucidating the causal flows more accurately.

The work we have done here begins to enter into the complex aerodynamics
surrounding drone flight. As evidenced by the testing quadrotor slowing down to
stabilize in wind flow, wind flow is a challenge for drone stability. As research
progresses on the mitigation of steady / semi-steday flows, more unstable flows will
be one of the next challenges [129, 130]. The more improvements we can make
to drone environment awareness, the better-equipped control algorithms will be to

achieve their objective despite adverse environmental conditions.

Chapter 6 Teresa A. Kent 137



Chapter 7

Conclusions

7.1 Summary of contributions

Whisker-inspired sensors can fill gaps in robotic systems’ perception, making the
robot more aware of, and safer in, its environment. However, for the whisker-inspired
sensors to achieve their perception potential, they must function well outside of the
controlled lab environment. In this work, we develop whisker-inspired sensors that
maintain or improve upon prior whisker-inspired sensor perception ability while also
being better equipped to interpret the variety of stimuli that occur in unstructured
environments.

First, I demonstrate a mitigation strategy to overcome imprecise mapping during
whisker contact with compliant surfaces or during slip. Most radial contact algo-
rithms make assumptions about the type of contact the whisker is undergoing (e.g.,
small bend, rigid surface, no slipping). If these assumptions are not verified during
the application, the user risks making imprecise mappings or having overconfidence
in the wrong estimates. In Chapter 2, I demonstrate the benefit of using two radial
contact distance estimation algorithms to quantify confidence in a contact point es-
timation. As long as the two algorithms do not make the same assumptions about
contact, one algorithm should be able to identify the radial contact distance suc-
cessfully. I demonstrate the usefulness of this methodology using a novel sensor I

developed by mapping surfaces despite the whisker slipping during contact.
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Second, I improved sensor robustness to multiple stimuli which caused whisker
response. In Chapter 3, we talked about three types of mechanical stimuli: contact,
airflow, and robot body motion. These three stimuli can occur in most terres-
trial whisker applications. Through experimental tests, I demonstrated that each
stimulus had characteristically different sensor responses on a whisker sensor. For
example, whisker bodies undergoing airflow tend to oscillate around a set deflection
magnitude, whereas contact tends to have no oscillations. These results also agree
with other published papers which measure flow [35, 107] and contact [52]. However,
our sensor was the first to apply these characteristic differences to an algorithm to
differentiate the three stimuli. The final contribution was to show that applying
this method does not require the assumption of a single stimulus. Simultaneously
identifying two stimuli is possible when considering the sensor response of the entire
array. Because airflow and robot motion are global stimuli, they should affect the
whole array uniformly; this fact can make it simpler to identify contact through

large deviations from the array response.

Third, I show how whiskers with an asymmetric whiskers cross-section can im-
prove the detection of the flow heading and flow velocity. In Chapter 4 we talk
about how whiskers with asymmetric cross-sections are asymmetrically sensitive to
airflow from different headings. We further show that specific offsets of whiskers can
illuminate the causal flow and/or indicate that there are two flow sources present

like drag from drone motion and wind.

My last contribution takes the identification of two flow sources further by quan-
tifying the two flow sources. In the sensor arrays discussed in Chapter 5 and 6,
the whiskers are densely packed, creating a phenomenon called flow shadowing.
The dense packing prevents air from traveling freely through the array, creating
a heading-dependent symmetric sensitivity similar to that of asymmetric whiskers.
This dense packing allows us to separate the effect of two flow sources for the first

time on a drone.
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7.1.1 Completed Publications

. Imamura, T.* Kent, T. A.* Taylor B., Bergbreiter, S. (2025) Measuring

DNA Microswimmer Locomotion in Complex Flow Environments. IEEE In-
ternational Conference on Robotics and Automation (ICRA) (Under Re-

view)

Kent, T. A., & Bergbreiter, S. (2024). Flow Shadowing: A Method to Detect
Multiple Flow Headings using an Array of Densely Packed Whisker-inspired

Sensors. IEEE International Conference on Robotics and Automation (ICRA)

. Kent, T. A., Emnett, H., Babaei, M., Hartmann, M. J., & Bergbreiter, S.

(2023). Identifying Contact Distance Uncertainty in Whisker Sensing with
Tapered, Flexible Whiskers IEEE International Conference on Robotics and

Automation (ICRA)

. Kent, T. A. Kim, S., Kornilowicz, G., Yuan, W., Hartmann, M. J., &

Bergbreiter, S. (2021). Whisksight: A reconfigurable, vision-based, optical
whisker sensing array for simultaneous contact, airflow, and inertia stimulus

detection. IEEE Robotics and Automation Letters, 6(2), 3357-3364.

7.1.2 Workshop Presentations

1. Kent, T. A., Kim, S., Babaei, M., Emnett, H., Hartmann, M. J., & Bergbre-

iter, S. Asymmetric Mechanosensing for Uncertainty Reduction in Bio-Inspired

Flight Workshop at ICRA 2024

. Kent, T. A., Kim, S., Babaei, M., Emnett, H., Hartmann, M. J., & Berg-

breiter, S. Designing Whisker Sensors for Noisy Environments. Workshop at

Robotics System and Sciences 2022
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7.1.3 Future Publications

1. Kent, T. A., Thomas, L., & Bergbreiter, S. Asymmetric Whisker Cross Sec-
tions: A Method to Enhance Wind Sensing on Drones (In preparation for

Advanced Intelligent Systems)

2. Kent, T. A., Thomas, L., & Bergbreiter, S. Flow Shadowing: Detecting Wind
on a Moving Drone using a densely packed array of Whisker-Sensors (In

preparation for the Robotics Systems and Sciences Conference)

3. Wang, T*., Kent, T. A.* & Bergbreiter, S. (2023). Design of whisker-
inspired sensors for multi-directional hydrodynamic sensing. arXiv preprint

arXiv:2307.09569 (In preparation for Frontiers in Robotics)

7.2 Take Aways

Given the substantial difference between biological creatures and robots, it is un-
surprising that the engineered whiskers we developed deviate significantly from the
source of their biological inspiration. Even with engineered whiskers that are far
from biomimetic, our systems benefited from ideas inspired by biology: comparative
signals, asymmetry, and array synergy were key to the success of the work in my
thesis.

There is significant evidence that comparative signals are advantageous biolog-
ically and in engineering. For one, they are often faster than signal filtering and
noise [131]. Here, too, we found that when two signals were expected to be the
same, significant differences told us about the environment. In Chapter 2, devi-
ations in signal predicted compliant surfaces or whisker slip. In Chapter 3, they
allowed us to differentiate contact from an array of whiskers experiencing airflow.
In Chapter 4, deviations in signal predicted a second flow source.

Asymmetry was also a key asset to our work. For many robotic platforms, es-
pecially aerial ones, general sensors capable of sensing many things at once are

preferred because fewer sensors can result in lower weight and lower cost. However,
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more general sensors often come with a trade-off in computation; if an IMU can
sense signals caused by 6+ sources, there now needs to be an algorithm to estimate
the source of an IMU signal. Cameras are another general sensor that requires ex-
tensive computation to interpret correctly. By contrast, specialized mechanosensors
can have specific mechanical properties that allow them to respond strongly to spe-
cific stimuli while rejecting similar stimuli. We found the benefits of asymmetry
particularly interesting in our work on flow sensing in Chapters 4, 5 and 6.

Array synergy, the idea that an array of whisker sensors can outperform a group
of individual whiskers, was the confluence of asymmetry and comparative signals.
In Chapter 3, comparing a single whisker response to the average sensor response
allowed us to identify contact during airflow. In that chapter, the different stimuli
caused the different responses. In Chapters 4, 5 and 6, we designed the array so that

different whiskers would have their signal response to illuminate the causal flow or

flow(s).

7.3 Future Outlook

The gap between whisker-inspired and natural whisker-sensing abilities is still quite
large. Future research will need to continue to improve the sensors. One of the
best ways to find the gaps engineered sensors will need to fill is to consider poten-
tial applications. In the following sections, I briefly discuss a few areas for sensor

improvement and interesting application areas.

7.3.1 Contact whiskers

With a single whisker, we identified algorithm failure caused by whisker contact with
a compliant surface. An array of whiskers, potentially with different compliances
would be more similar to rat whiskers [6]. A larger array with variations in whisker
sensors has the potential to map not only the environment but compliance in the

environment. In outdoor scene mapping this could help distinguish a branch that a
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terrestrial robot could push past from a tree trunk which could damage the robot
structure if it tried to push it aside. Compliance mapping has been done with rigid
tactile structures, but the whisker is the best robotic tactile sensor I have seen thus
far for non-damaging contact with an environment.

This aspect of whisker tactile mapping translates well to commercial interests.
As robots are brought into the home and trusted around more vulnerable creatures
(children, pets), safety is increasingly important. Contact between whiskers and
the environment represents a method for robots to do brush-by contact [132] or
emergency proximity sensing in a much safer way than many other sensing methods.
Whiskers are especially advantageous because they are a cheaper sensor than other

tactile sensors.

7.3.2 Multi-stimuli mapping

Simultaneous sensing of airflow and contact on a drone is a challenge that is just
starting to gain interest [38, 60, 133]. One challenge for a contact whisker on the
drone is the considerable amount of signal noise from drone motion and drone hov-
ering on the whisker [134]. If this challenge can be overcome on a moving drone,
contact mapping without applying large forces on the drone would be beneficial.
Surface mapping can provide information for control researchers toward perching
and payload retrieval. Another key application area could be environmental moni-

toring and exploration by drones of low-light areas such as caves.

7.3.3 Airflow Sensing

The work we put forward in Chapters 4, 5 and 6 provides foundational methodolo-
gies for improved flow sensing. Although asymmetry is useful, the whiskers chosen
had sharp corners; airfoils could create the same asymmetry with considerably less
vortex shedding. We also demonstrated only two whiskers paired together. There
is evidence that more whiskers creates an interesting design challenge with the po-

tential to further improve whisker-based flow sensing in flight.
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Appendix 1

A.1 Introduction

The serpentine springs are an asset to several of the whisker sensors we present
because of their predefined models, which convert deflections/ rotations into forces/
moments. The origional system of equations was presented in [53] and [52] was
the first work to show the benefit of the springs for whisker sensors. The work is
presented here to provide a more complete background on my implementation of
the serpentine springs, not because I made any major advancements to the spring
design.

In chapter 2, I implement acrylic serpentine springs to convert downward deflec-
tions and rotations into moments and forces at the whisker’s base. I also benefit
from the linear relationship between rotation and moments and deflections and ax-
ial force. In chapters 4 and 5, we use steel serpentine springs to convert the sensed

rotations from the hall effect sensor into the drag force.

A.2 Theory

In Barillo et al.[53] they demonstrate that a serpentine spring is modelable as a series
of cantilever beams. The system of equations that describes the set of cantilever

beams compactly converts the rotation and deflection at the unconstrained end of the
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serpentine spring into moments and forces at that same point (Figure Reference).
When an object is suspended by multiple springs they forces at the end of each

spring come together to calculate the forces on the object.

A.3 Equations

The sensors from chapter 2, 4 and 5 can all calculate the ¢ and 6 rotations at the
spring’s center. For the spring math, ¢ and 6 have to be converted into the rotations
about the spring’s axes, ¢, and ¢, (Eqns. A.1 and A.2). Rotations ¢, and ¢, cause
equal but opposite deflections in the z-direction at opposing spring joints (Figure).
In chapter 2 we also measure ¢, which is the total deflection of the system, therefore
we represent the z deflection caused by rotation about the x and y axis as ¢, and
J, respectively (equations A.3,A.4). The ¢, / d, are dependent on the distance the
springs are from the center of rotation (p,, p;). Adding 0, to J, and J, gives the
total deflection at each joint. With the deflections and rotations, you can solve for
the moments (m,,) and forces (f,,) at the end of each spring (Eqn. A.5, A.6). Cis a
matrix made up of the spring parameters in table 2.1 which describes the resistance

to moments and forces at different points in the beam.

= arctan M
¢, = arctan( c05(0) (A1)
= arctan M
(by - t ( COS<¢> ) (A2>
51 = Pw tan(¢z) (A?))
0y = pr tan(gy)) (A4)
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¢y ¢x _be _¢x
d= Qba: ¢y _¢m _d)y (A5)
0. — 0y 6.—0, 0,40, 0.4,

Mg My —Mg3z —Myy
_ -1
My1r Mgz —My3 —Mgg | — ¢ *d (AG)

le sz fzS fz4

The forces and moments can be recombinded into Moments about the x and y
axis (M —z, M,) and a downward force F,. For some works the summation moment

is more important than the component moment so the L2 norm can be taken of M,

and M,.

Mx:me—i—bh/Z*le—bh/Q*fzg (A.7)
i=1

My = " myn +by/2 % fur — bu/2 % foy (A.8)
=1

F. = Z fon (A.9)

M, = /M2 + M2 (A.10)

My=0 (A.11)
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Appendix B

Appendix 2

B.1 Defining Asymmetry

Here, we define asymmetry as the similarity between the applied flow signal (¢) and

the sensed flow signal # as measured by a root mean square error calculation.

Table B.1: Root Mean Square Error Between ¢ and 6

’ \ Circle \ Cross \ Square \ Triangle \ Chevron ‘
|RMSE | 11.4°] 9.1° | 203° | 384° | 31.7° |

More symmetric whiskers have almost linear 6 vs ¢ curves Fig. B.1.

B.2 Sensor Characterization Curves

Each of the three whiskers tested per asymmetric cross-section have slightly different
response curves (Fig. B.1. We expect this is due to differences in the manufacturing,
especially inconsistencies in the spring manufacturing methodology.

However, the sensor itself remains consistent over five trials where each trial
occurs at a different airflow (Fig. B.2). The F, and F, curves contain more direc-
tional information than the strength curve, so it is these curves that are used in the

algorithms to predict flow heading.
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B.3 Mixing Whiskers

One idea we had was that by having the signals of two different whisker shapes at
various offsets, it might lead to better performance than matching two of the same
whiskers. This prediction turned out to be false, as the best performance was still

paired square whiskers.
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Figure B.1: For each of the three whiskers tested for each cross-section, there are
small variations in their ¢ vs. 6§ and ¢ vs. ||Bs|| curve.
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