


Bio-Propulsion Conference Agenda 

July 23-26, 2018 

Sunday, July 22, 2018 

5:30 pm – 6:30 pm  Dinner  

6:30 pm – 8:00 pm Informal Gathering 

Monday, July 23, 2018 

7:30 am – 8:30 am Breakfast 

 

8:30 am – 9:30 am Keynote: Sharon Swartz (Brown University) 

Flexible in every sense: how bats employ “flexibility” to embody 

adaptive propulsion 

 

9:30 am – 10:00 am Coffee Break  

 

10:00 am – 10:20 am Kathleen Foster (University of Ottawa) 

In vivo activation and contractile function of muscle during walking and 

swimming in Polypterus 

 

10:20 am – 10:40 am  

 

Sean Peterson (University of Waterloo)  

An information theoretic approach to establish cause-and-effect 

relationships in tandem swimmer models 

 

10:40 am – 11:00 am 

 

Melike Kurt (Lehigh University)  

Force Production and Energetics for Two Interacting Wings in Mixtures 

of Canonical Arrangements 

 

11:00 am – 11:20 am 

 

Emily Standen (University of Ottawa) 

Breaking through the water’s surface, strategies of a very small fish 

 

11:20 am – 12:00 pm 

 

Discussion 

12:00 pm – 1:00 pm 

 

Lunch 

1:00 pm – 2:30 pm Break 
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2:30 pm – 3:30 pm 

 

Keynote: Troy Day (Queen’s University) 

Extended Heredity: A New Understanding of Inheritance and Evolution 

 

3:30 pm – 4:00 pm  Coffee Break 

 

4:00 pm – 4:20 pm Richard Gordon (University of Manitoba) 

Explosive biopropulsion of microorganisms 

 

4:20 pm – 4:40 pm Dorothea Blostein (Queen’s University) 

Evolutionary Computing applied to Tensegrity Organisms 

 

4:40 pm – 5:00 pm Nuwan Perera (Queen’s University) 

The Application of Machine Learning for Form-finding of Tensegrity 

Structures: State of the Art and Future Directions 

 

5:00 pm – 5:20 pm Jack Rosetti (Syracuse University) 

Topology optimization of flow turning devices using potential flow 

analysis 

 

5:30 pm – 6:30 pm  Dinner 

 

Tuesday, July 24, 2018  

7:30 am – 8:30 am 

 

Breakfast 

 

8:30 am – 9:30 am 

 

Keynote: Gabriel Weymouth (University of Southampton) 

Biologically inspired marine robotics 

 

9:30 am – 10:00 am 

 

Coffee Break 

 

10:00 am – 10:20 am 

 

Keith Moored (Lehigh University) 

Scaling Laws of Two- and Three-Dimensional Pitching Bio-Inspired  

Propulsors 
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10:20 am – 10:40 am 

 

Justin King (Syracuse University) 

Experimental study on the effects of trailing edge shape on the performance  

of bio-inspired, trapezoidal pitching panels 

 

10:40 am – 11:00 am 

 

Frieder Kaiser (Karlsruhe Institute of Technology, KIT) 

Scaling of vorticity annihilation during leading-edge vortex formation 

 

11:00 am – 11:20 am 

 

Yuji Yasuda (Keio University) 

Hydrodynamic properties of artificial micro-structured Squalus suckleyi shark  

skin-inspired surface and its manufacturing process 

 

11:20 am – 12:00 pm 

 

Discussion 

 

12:00 pm – 1:00 pm 

 

Lunch 

 

1:00 – 2:30 pm 

 

Break 

 

2:30 pm – 3:30 pm 

 

Keynote: Monica Daley (The Royal Veterinary College, University of London)  

Running birds, humans and robots: Principles of leg control for robustly  

stable, agile and economic bipedal locomotion  

 

3:30 pm – 4:00 pm 

 

Coffee Break  

 

4:00 pm – 4:20 pm Erin Lee (Queen’s University) 

The Effect of Scapula Shape on Function of Rotator Cuff Muscles 

 

4:20 pm – 4:40 pm Jessica Sellinger (Queen’s University)  

Reinforcement Learning of Energy Optimal Gaits 

 

4:40 pm – 5:00 pm Lucie Pelland (Queen’s University) 

Could a Mechanized Tensegrity Exoskeleton Facilitate the Self-Organization of  

Gait in Children With Cerebral Palsy? 

5:00 pm – 5:20 pm Michael Rainbow (Queen’s University) 

Exploring Underwater Acceleration Mechanisms of Ontario Frog Species 
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 Wednesday, July 25, 2018 

7:30 am – 8:30 am  Breakfast 

 

8:30 am – 9:30 am  Keynote: Ryosuke Motani (University of California, Davis) 

Evolution of swimming in an extinct group of marine reptiles, 

Ichthyosauromorpha 

 

9:30 am – 10:00 am Coffee Break  

 

10:00 am – 10:20 am  Alex Deccechi (University of Pittsburgh, Johnstown) 

The use of aerodynamic modelling to unravel the effects of powered 

flapping on the origins of avian flight 

 

10:20 am – 10:40 am  Christopher Cameron (University of Montreal) 

The evolution of muco-ciliary filter feeding in deuterostomes 

 

10:40 am – 11:00 am  Frances Bonier (Queen’s University) 

Masters of the sky: A year in the life of a tree swallow 

 

11:00 am – 11:20 am  David Rival (Queen’s University) 

Hydrodynamics of Anomalocaris Tail Fins 

 

11:20 am – 12:00 pm Discussion 

 

12:00 pm – 1:00 pm Lunch 

 

1:00 pm – 2:30 pm  Break 

 

2:30 pm – 3:30 pm  Keynote: Daegyoum Kim (KAIST, Republic of Korea) 

Unsteady aerodynamics of a micro-scale bristled wing 

 

3:30 pm – 4:00 pm Coffee Break 

 

4:00 pm – 4:20 pm  Joshua Galler (Queen’s University) 

What can we learn from the unsteady response of plumed seeds? 
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4:20 pm – 4:40 pm  Josephine Galipon (Keio University) 

Low-cost 3D imaging of microscopic structures 

 

4:40 pm – 5:00 pm  Paul Martin (Queen’s University) 

The evolution of bulldozers that fly: trade-offs and the coexistence of 

Nicrophorus burying beetles 

 

5:00 pm – 5:20 pm  Keegan Lutek (University of Ottawa) 

Locomotion of Polypterus in Environments Across the Terrestrial-

Aquatic Transition 

 

5:30 pm – 6:30 pm  Dinner 

 

7:00 pm – 8:00 pm  QUBS Seminar (open to the public): 

David Rival & Michael Rainbow (Queen’s University) 

Bio-Propulsion and Adaptation: A Two-Way Street Connecting Biology  

and Engineering 

Thursday, July 26, 2018 

7:30 am – 8:30 am 

 

Breakfast 

 

8:30 am – 9:30 am 

 

Keynote: Nikolaus Troje (Queen’s University)  

Looking at people in motion 

 

9:30 am – 10:00 am 

 

Coffee Break  

 

10:00 am – 10:20 am 

 

Seth Brooks (Syracuse University) 

Features and Performance of Bio-Inspired Propulors Downstream of 

Body Model 

 

10:20 am – 10:40 am 

 

Emre Akoz (Lehigh University) 

Unsteady Propulsion by an Intermittent Swimming Gait 

 

10:40 am – 11:00 am 

 

Laura Sanders (Universität der Bundeswehr München)  

Measurements of a saker falcon’s wing geometry in a wind tunnel 

 

11:00 am – 11:20 am Adnan El Makdah (Queen’s University) 
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 On the unsteady response of autorotating maple seeds and bio-

inspired rotors 

 

11:20 am – 12:00 pm 

 

Discussion & Planning of Next Steps 

 

12:00 pm – 1:00 pm  Lunch & Departure 

 



Flexible in every sense: how bats employ “flexibility” to embody 

adaptive propulsion” 

Sharon Swartz, Brown University 

Department of Ecology and Evolutionary Biology and School of Engineering 

 

The structural design of all flying animals alive today demonstrates a variety of common features 

that are directly related to the physical challenges of navigating the aerial environment. But 

insects, birds, and bats each evolved flight independently, and the ancestral body plan from 

which each lineage developed the capacity for powered flapping flight is distinct in morphology 

and materials. In bats, the flight apparatus achieves high levels of functional performance 

through supreme “flexibility”. We observe flexibility in at least three ways. First, the material 

that composes bat wing is very flexible or compliant skin and muscle, which behaves in a 

manner that is mechanically and aerodynamically different than the stiffer wings of other animal 

fliers. Second, the mechanical nature of the wing material can be flexibly altered mid-wingstroke 

by muscle activity, in contrast to the passive nature of feather and chitinous insect cuticle. Third, 

the exceptionally large number of wing joint degrees of freedom confers opportunities for 

tremendous options for three-dimensional airfoil shape control on bats, which can be employed 

to execute acrobatic maneuvers during diverse flight behaviors. Together, these traits produce 

sophisticated wings that sense and respond to the environment in complex ways, using both 

aerodynamic and inertial forces.  

 



In vivo activation and contractile function of muscle during walking 

and swimming in Polypterus senegalus 

 

Kathleen L. Foster1*, Misha Dhuper1, Emily M. Standen1 

1Department of Biology, University of Ottawa, Ottawa, ON, K1N6N5 

 

Amphibious animals frequently modulate their locomotor behaviour in order to cope with the 

disparate demands of terrestrial and aquatic environments.  Polypterus senegalus, a basal, ray-

finned fish, is capable both of swimming when submerged in water and “walking” on land using 

a combination of pectoral fins and body undulation.  In order to understand the basis for the 

flexibility required to perform these disparate behaviours, we used three-dimensional high-speed 

video synchronized with electromyography to quantify the differences in kinematics and muscle 

activation.  We found that the undulatory wave traveling down the body of the fish had a greater 

amplitude and wavelength in walking than in swimming fish and the range of motion of the 

pectoral fins increased in walking individuals.  Further, walking was characterized by a greater 

absolute duration of muscle activity in most body and fin muscles and an increased magnitude of 

activity in primary bursts of mid-body muscles and in secondary bursts of fin muscles.  To 

examine potential physiological consequences for these changes in movement and muscle 

activity, we also characterized the contractile properties of sections of abductor and adductor 

muscles of the pectoral fin.  Contractile properties of fin muscle data suggested that both 

adductor and abductor muscles are likely functioning suboptimally when walking compared to 

swimming and that adductor muscles may be more prone to injury when walking as they are 

active when stretched to greater lengths than when swimming. 

 



An information theoretic approach to establish cause-and-effect 

relationships in tandem swimmer models 
 

Peng Zhang1, Maxwell Rosen1, Sean D. Peterson1,2, and Maurizio Porfiri1 
 

1 Department of Mechanical and Aerospace Engineering, New York University Tandon School of Engineering, Brooklyn 

NY 11201, USA 
2 Department of Mechanical and Mechatronics Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada 
 

How and why fish align their bodies, synchronize their motion, and position in crystalized formations 

during coordinate swimming are yet to be fully understood. Here, we posit a model-free approach to 

unveil causality in interactions between streamlined bodies in a fluid medium through the information-

theoretic notion of transfer entropy. We demonstrate our approach on a system of two tandem airfoils 

in a uniform flow as proxies to coordinated swimmers, wherein the pitch angle of one airfoil is actively 

controlled while the other is allowed to passively rotate.  

 

 



Force Production and Energetics for Two Interacting Wings in 

Mixtures of Canonical Arrangements 

Melike Kurt and Keith Moored, Lehigh University 

Department of Mechanical and Materials Engineering 

 

In nature, many fish gather in large groups or schools due to social motivations or energy 

expenditure concerns during migration.  No matter what the prime motivation is, they encounter 

three-dimensional flow interactions within highly complex group arrangements that potentially 

can alter collective energetics, force production, and as a consequence the overall performance.  

As yet, the unsteady, three-dimensional nature of these interactions remain relatively unexplored.  

In order to study this problem, two finite-span pitching wings arrayed in mixtures of canonical 

side-by-side and in-line arrangements will be employed as a simplified model of the caudal fins 

of two-interacting fish.  The forces and moments acting on the wings in streamwise and lateral 

directions will be quantified as the two wings undergo prescribed pitching motions.  Coefficients 

of performance will then be determined over a range of synchrony and spacings, and peaks and 

troughs in the performance will be associated with the flow-fields that are observed for each of 

the corresponding arrangements.  It is this study’s aim to identify the flow mechanism(s) that 

potentially lead to improvement in thrust production and propulsive efficiency, and/or a 

reduction in power expenditure.  For this purpose, mono- and stereo-PIV methods will be used to 

quantify the flow over the wings.  



Breaking through the water’s surface, strategies of a very small fish 
 

EMILY M. STANDEN 

Department of Biology, University of Ottawa, Ottawa, Ontario; E-mail: estanden@uottawa.ca 

  

 

 

Mangrove rivulus (Kryptolebias marmoratus) are a small amphibious fish that live in crab 

burrows. They often leave the negative water conditions and competition of their burrows by 

leaping out of the water and resting on land. Mechanically, the surface tension of water can be a 

significant barrier for very small animals, the forces required to break through the surface being 

larger than the muscle of the animal can provide. K. mar is a small fish, routinely leaving water at 

lengths of less than 1.5cm and 50mg. We will use particle imaging velocimetry and high-speed 

kinematics to shed light on how these tiny fish successfully emerse from water.  
 

mailto:estanden@uottawa.ca


 

Extended Heredity: A New Understanding of Inheritance and 

Evolution 

 
Troy Day (Queen’s University) & Russell Bonduriansky (University of New South Wales) 

 

 

How genes are not the only basis of heredity—and what this means for evolution, human 

life, and disease 
 

For much of the twentieth century it was assumed that genes alone mediate the transmission of 

biological information across generations and provide the raw material for natural selection. 

In Extended Heredity, leading evolutionary biologists Russell Bonduriansky and Troy Day 

challenge this premise. Drawing on the latest research, they demonstrate that what happens 

during our lifetimes--and even our grandparents' and great-grandparents' lifetimes—can 

influence the features of our descendants. On the basis of these discoveries, Bonduriansky and 

Day develop an extended concept of heredity that upends ideas about how traits can and cannot 

be transmitted across generations.  

 

By examining the history of the gene-centered view in modern biology and reassessing 

fundamental tenets of evolutionary theory, Bonduriansky and Day show that nongenetic 

inheritance—involving epigenetic, environmental, behavioral, and cultural factors—could play 

an important role in evolution. The discovery of nongenetic inheritance therefore has major 

implications for key questions in evolutionary biology, as well as human health. 

 

Extended Heredity reappraises long-held ideas and opens the door to a new understanding of 

inheritance and evolution. 

 
 

 



Gordon, R. (2018). Explosive biopropulsion of microorganisms. In:  Conference on 

Biopropulsion of Adaptive Systems, A Cross-Disciplinary Meeting Focused on the 

Mechanics and Evolution of Biological Systems Past and Present, Queen's University 

Biological Station (QUBS), July 23-26, 2018. M. Rainbow & D. Rival, (Eds.). 

 

Dr. Richard Gordon, Theoretical Biologist, Retired from the University of Manitoba 

 

Gulf Specimen Marine Laboratory & 

Aquarium  

222 Clark Drive 

Panacea, FL 32346 USA 

1-(850) 745-5011 

Skype: DickGordonCan 

DickGordonCan@gmail.com 

 

 

 

C.S. Mott Center for Human Growth & 

Development 

Department of Obstetrics & Gynecology 

Wayne State University 

275 E. Hancock 

Detroit MI 48201 USA

Abstract Y2017m12d17 

When we deal with microorganisms, at one level we expect low Reynold’s number hydrodynamics to be 

smooth, and at another level we expect the stochasticity of Brownian motion. What a surprise it is, then, to 

find examples of explosive propulsion in diatoms (Sabuncu et al., 2018) and other algae (Gordon, 1987). I 

will review what is known about these two cases, and compare them to nematocysts in jellyfish (Holstein 

and Tardent, 1984), Vorticella contraction (Ryu et al., 2017), non-Fickian diffusion in cytoplasm (Regner 

et al., 2013), and the injection of phage DNA into bacteria (Grayson and Molineux, 2007). I will compare 

these phenomena with explosive seed dispersal (Hofhuis and Hay, 2017), exploding ants (Jones et al., 

2004), bombardier beetle spray (Beheshti and McIntosh, 2007) and the jump of the flea (Bennet-Clark and 

Lucey, 1967). A plot of maximum reported speed versus mass of an organism will be developed.  

 

Pennate diatom motility involves motion of a smectic liquid crystal consisting of proteoglycans, in single 

file,  through a nanochannel slit in the silica shell (Gordon and Drum, 1970). Results of a lattice Monte 

Carlo simulation (Gordon, 1968a, b, 1970, 1980) of a new model for the motion of these raphe fibrils inside 

the slit and their explosive release, leaving behind the diatom trail, will be presented. 
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Evolutionary Computing applied to Tensegrity Organisms 

Dorothea Blostein and Tom Flemons 

Queen’s University, School of Computing 

 

 
We plan to create a simulation environment for exploratory investigation of computational 

models of evolution. At the September 2017 bio-propulsion meeting there was informal 

agreement that evolution selects for organisms that are “good enough” rather than “optimal”. 

How important is this distinction? We can investigate by comparing optimization-driven 

simulations to satisfaction-driven simulations. So-called evolutionary algorithms provide a 

simplified and well-controlled modeling environment: a population of simulated organisms 

repeatedly undergoes selection (eliminate organisms that score poorly under the fitness function) 

followed by recombination and mutation (create new organisms from the existing population). 

Typically, evolutionary computing is applied to optimization problems that have a large search 

space: the goal is to find the best possible organism within a certain amount of CPU time. In 

contrast, we use various forms of evolutionary computing to simulate different models of 

evolution: an optimizing scenario constantly tries to improve the population whereas a 

satisfaction scenario stops trying to improve an individual that has achieved a threshold level of 

fitness. [We need to do a literature search: is there existing work in this area?] Typically, 

evolutionary computing uses a fixed fitness function, but for our purposes the fitness function 

must change over time to model changing competitive pressures. At the end of the simulation we 

can measure how much diversity there is in the final population. Experimentation will tell us 

whether the amount of diversity is highly sensitive to the choice between satisfaction-driven 

versus optimization-driven simulation, or whether the amount of diversity primarily depends on 

the patterns of changes we choose for the fitness function. 

    We propose to simulate evolution of tensegrity organisms. In a tensegrity structure, isolated 

components under compression are held in place by components under tension, forming a strong 

and flexible ensemble. Modest-size tensegrity structures effectively represent fluid biological 

movement, while being much easier to simulate than fluid-based models. An initial population of 

tensegrity spheres can in simulation mutate into more complex structures via the addition of 

appendages such as tails and legs, or by elongating or thickening as needed to respond to an 

evolutionary challenge. This is a long-term research project, with many avenues for coding 

algorithms for tensegrity assembly and transformation. Initially we will restrict ourselves to 

unactuated tensegrity structures (only struts and cables), with long-term plans to add actuator 

“muscles” that spontaneously attach to the tensegrity framework as required. This simulated 

world provides a well-controlled environment for investigating various models of evolutionary 

adaptation in response to environmental demands. 
 

 



March 14, 2018 – Abstract for Conference on Biopropulsion of Adaptive Systems, QUBS, July 23-26, 2018  

 

 

The Application of Machine Learning for Form-finding of Tensegrity 

Structures: 

State of the Art and Future Directions 

Nuwan Perera, Kevin Zuern, Dorothea Blostein 

Queen’s University, School of Computing  

 

We survey the state of the art in equilibrium form-finding for tensegrity structures. Researchers 

are exploring diverse approaches that use numerical, analytical and machine learning methods. We 

discuss challenges and opportunities, identifying future research directions that might be of use in 

biopropulsion studies. 
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Topology optimization of flow turning devices using potential flow analysis

Jack S. Rossetti∗, John F. Dannenhoffer III, and Melissa A. Green
Mechanical and Aerospace Engineering, Syracuse University, Syracuse, NY, 13244, USA

(Dated: March 21, 2018)

ABSTRACT

In current engineering fluid flow systems, space is re-
stricted and turning a fluid while trying to minimize pres-
sure loss and maintain flow uniformity can be a chal-
lenge. Attempts to optimize the design involves find-
ing the shape of the vanes as well as their number and
distribution. Efforts have mainly been through the use
of a trail and error methodology, both experimentally
and numerically, which invokes some experiential knowl-
edge or intuition. As an alternative method, topology
optimization provides a general design optimization ap-
proach that can produce non-conventional designs. This
technique has been used in the structural dynamics field
for the design of bridges and aerodynamic structures,
among others. Recently, the fluid dynamics community
has adopted topology optimization for low to moderate
Reynolds number flows (1 - 1000). These applications
mainly consider the design of channel walls and not the
design of the internal structures with fixed boundaries,
like turning vanes for a fluid flow system.

In both structural and fluid dynamics problems, the
optimal solution is highly dependent on the initial con-
ditions, so a large number of cases need to be tested
to ensure that a true optimum has been found. Unfor-
tunately, a large number of fluid flow calculations can
be prohibitively expensive if a high-fidelity flow solver is
used for the entire optimization process. Use of a low-
fidelity model as a basis for an initial topology optimiza-
tion of the flow turning devices can decrease the compu-
tational cost of the optimization. This design involves
finding the shape of the vanes as well as their number
and distribution.

Another reason that a low-fidelity model is desirable

for initial solutions for fluid dynamics problems is that
the connection between topological changes and fluid flow
variables is unclear for higher Reynolds number flows
(>10000). Since there is no information to guide where
and when to create topological changes, many designs
need to be generated to ensure that a global optimum
as been found. Again, the computational cost of mul-
tiple flow solutions using a high-fidelity model can be
prohibitive.

The work presented here investigates using potential
flow analysis as the low-fidelity model for initial topol-
ogy optimization of the fluid turning devices. The source
panel method is used to model the flow boundaries and
point vortices are used to represent the turning vanes.
Each vortex is placed in an optimal location that maxi-
mizes flow uniformity at the exit of the domain. An ini-
tial design topology will then be defined using the vortex
locations.

In this presentation, a topology optimization technique
using a low-fidelity potential flow model for initial topol-
ogy optimization is shown. The goal is to use this initial
topology in a high-fidelity viscous flow model for shape
optimization, to obtain the optimal design and layout of
turning vanes in moderate to high Reynolds number flow.
Extensions of this technique to bio-fluid systems will be
discussed.

While this method is being used here for a strictly
applied engineering application, it is anticipated that
the outcome of the combined topology and shape op-
timization processes may bear some similarity with ob-
served evolutionary “explosions.” Potential applications
may become apparent for bio-inspired design if and when
these methods generate unexpected solutions for classic
engineering problems.
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Biologically inspired marine robotics 
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High-speed maneuvering and sustained propulsion underwater or in air require the efficient 

generation of large instantaneous fluid forces. Animals achieve remarkable feats of maneuvering 

and efficiency by changing their body shape to generate unsteady fluid forces. Inspired by this, 

we have studied a range of immersed bodies which drastically change their shape to produce 

fluid forces. These include relatively simple shape-changes, such as quickly changing the angle 

of attack of a foil to induce emergency stops and the use of tandem flapping foils to generate 

three times the average propulsive force of a single flapping foil. They also include more 

unconventional strategies, such as the use of soft robotics to rapidly shrink the frontal area of an 

underwater vehicle to cancel drag and perform efficient fast-start maneuvers. 

 

 

 



Scaling Laws of Two- and Three-Dimensional Pitching Bio-Inspired 

Propulsors 
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Aquatic animals oscillate their fins in combined heaving and pitching motions in order to swim 

fast and efficiently.  To date there still are not accurate scaling laws to describe the physics of 

bio-locomotion.  Here we focus on pitch-dominated swimmers and develop scaling laws to 

predict the thrust, power and efficiency of both two and three-dimensional propulsors pitching 

about their leading edge.  First, a two-dimensional pitching airfoil is shown to exhibit scaling 

trends of the time-averaged thrust forces that are accurately predicted by Garrick's linear theory.  

However, the scaling of the time-averaged power for finite amplitude motions is shown to 

deviate from the theory.  Novel time-averaged power scaling relations are presented that account 

for a contribution from added-mass forces, from the large-amplitude separating shear layer at the 

trailing-edge, and from the proximity of the trailing-edge vortex.  Scaling laws for the self-

propelled speed, efficiency and cost of transport (CoT) are subsequently derived.  Using these 

scaling relations the self-propelled metrics can be predicted to within 5% of their full-scale 

values by using parameters known a priori. The scaling relations also offer one of the first 

mechanistic rationales for the scaling of the energetics of self-propelled swimming.  Specifically, 

the cost of transport is shown to scale predominately with the added mass power.  This suggests 

that the CoT of organisms or vehicles using unsteady propulsion will scale with their mass as 

CoT ~ m-1/3, which is indeed shown to be consistent with existing biological data.  Finally, the 

scaling relations are extended to three-dimensional rectangular wings of varying aspect ratio 

undergoing pitching motions about their leading edge. The two-dimensional scaling relations are 

modified for the shedding of an elliptical vortex ring at the trailing edge instead of a two-

dimensional line vortex. Furthermore, lifting line and hydrodynamic theory corrections are 

applied to account for the variation in the circulatory and added mass forces, respectively, due to 

three-dimensional effects. Excellent collapse of the three-dimensional data for the thrust and 

power show that the novel nonlinear two-dimensional scaling relations capture the fundamental 

physics of three-dimensional wings when classical corrections are included.  These scaling 

relations offer a framework that can be extended to combined heaving and pitching motions, 

flexibility and planform shape changes. 

 

 

 

 



Experimental study on the effects of trailing edge shape on the performance of
bio-inspired, trapezoidal pitching panels
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ABSTRACT

In recent years, engineers working on the design of
swimming and flying vehicles such as micro aerial ve-
hicles, unmanned aerial vehicles, and unmanned under-
water vehicles, have looked to swimming and flying an-
imals found in nature for motivation and insight [1–8].
Swimming creatures have been evolving within an aque-
ous environment for approximately 109 years [9], and we
should expect certain factors, e.g. cost of motion, propul-
sive efficiency, and thrust production to contribute to
the ability to survive and ultimately reproduce. In this
work, we intend to investigate the performance of multi-
ple bio-inspired pitching panels, whose shapes are chosen
to mimic the trapezoidal caudal fins of various swim-
mers. Depending on the specific swimmer and mode of
swimming, the caudal fin is the working surface primar-
ily responsible for the production of forward movement
and thrust. In fact, for certain scombrid fishes, which
typically employ thunniform swimming where lateral os-
cillation is restricted to the posterior extreme of the fish,
it has been demonstrated that the caudal fin provides
> 90% of the thrust [10]. In his description of a scombrid
swimmer with a lunate, or crescent-shaped, caudal fin,
Magnuson states that the fish, “concentrates all thrust
at the caudal fin and represents the extremes for fast
and efficient swimming” [11]. Others have asserted that
it is reasonable to view the caudal fin as the working
surface that is “normally the most important for propul-
sion”; however, other fins may still play a significant role
in propulsion [9].

The caudal fins of carangiform and thunniform swim-
mers display a significant degree of sweepback in the up-
per and lower portions of the leading edge. The trail-
ing edge of the caudal fin can also display inward deflec-
tion, resulting in a scooped out notch, or “V” shape in
the trailing edge. The combination of a sweptback lead-
ing edge with an inwardly deflected trailing edge is often
found in caudal fins that are referred to as having a lu-
nate shape. Previous work has shown that there is good
reason to believe that a lunate caudal fin is one charac-
teristic of a swimmer with an optimal design in terms of
swimming performance. Much of this previous work is

based on the results of theoretical hydrodynamic analy-
sis [9, 12–16] rather than experimental testing. The con-
clusions of these theoretical hydrodynamic analyses have
been bolstered by computational and numerical studies
that suggest the effectiveness of a lunate caudal fin for
carangiform and thunniform swimmers [17, 18]. How-
ever, there is a palpable lack of experimental, systematic
study of propulsor geometry. Van Buren et al. varied
the trailing edge geometry of a series of rectangular pan-
els of fixed, low aspect ratio [19]. The results of this
study are perhaps counterintuitive, as they indicate that
panels with convex, i.e. outwardly pointed, trailing edges
performed better than lunate panels with respect to non-
dimensional thrust and propulsive efficiency.

The current work proposes to demonstrate that trape-
zoidal panels with geometries that are relatively high
in aspect ratio, and more lunate-like in shape, may in
fact perform worse in terms of thrust and propulsive ef-
ficiency than other planforms while executing pure pitch
motions. The effect of variations in trailing edge geom-
etry with respect to the propulsive performance of si-
nusoidally pitching, bio-inspired trapezoidal panels will
be studied through the use of time-resolved force and
torque measurements. The scope of trapezoidal plan-
forms studied will include panels with trailing edges
that are forked inwards, vertical, and pointed outwards.
Preliminary findings indicate that panels with pointed
trailing edges, which are of relatively low aspect ratio
in the current study, produce greater amounts of non-
dimensional thrust and operate with larger propulsive
efficiencies than similar panels with forked or vertical
trailing edges and greater aspect ratio. However, the
forked panels, i.e. those with a lunate geometry, are
able to accomplish their pitching motions with less non-
dimensional power input. These findings concur with
past work on rectangular pitching panels, and may reveal
that caution should be taken when asserting the propul-
sive optimality of lunate planforms.
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Due to the high performance of wings in bird and insect flight, their aerodynamics are frequently 

addressed in current research. A broad variety of wing shapes and three-dimensional movements 

of such have been investigated to identify the significant quantities for the formation and 

shedding of the dominant lift increasing flow feature: the leading-edge vortex (LEV).  

LEVs on flapping wings can be characterized by the dimensionless quantities Rossby number 

(Ro), Strouhal number (St) and Reynolds number (Re) [1]. The long-term LEV-stability is mainly 

depicted by centripetal and Coriolis forces due to rotational accelerations of the wing and is only 

possible for certain Rossby-numbers (Ro<4) [2], which describe the ratio of Coriolis to inertial 

forces. The plunging and pitching kinematics are characterized by the Strouhal number St.  Also 

here a narrow band of values St=0.2-0.4 [3] tends to deliver maximum efficiency. In contrast, a 

large range of flyers and swimmers (from fruit flies to mammals Re=10²-108[4]) use LEVs for 

efficient propagation. The existence of LEVs in nature from the laminar to the highly turbulent 

regime suggests a small Reynolds number influence [1]. However, with increasing Reynolds 

number multiple instability mechanisms such as centrifugal instabilities (CI) [5] and Kelvin-

Helmholtz instabilities (KHI) [6] appear in the LEV and can influence the coherence of the lift-

enhancing structure [2]. 

Recent publications [7, 8] quantify the circulation budget of nominally two-dimensional LEV 

during their formation. Hereby, the constant growth of circulation in the LEV is partially 

counteracted by vorticity fed through the boundary layer on the suction side of the wing. This 

introduction of opposite signed vorticity results in two phenomena: vorticity annihilation in the 

LEV and vorticity accumulation near the leading-edge. The latter can lead to the formation of a 

counter-rotating secondary vortex, which is suggested to coincide with the shedding of the 

primary LEV [9]. Thus, the introduction, the convection and the annihilation of opposite signed 

vorticity could be crucial to the LEV stability. It is hypothesized that this process of vorticity flux 

and annihilation/accumulation is influenced by a possible transition of the suction side boundary 

layer. Therefore, this study aims towards a deeper understanding of the aforementioned 

instability mechanisms (KHI and CI) on the vorticity annihilation and accumulation in the LEV. 

Nominally two-dimensional leading edge vortices are investigated for a broad range of Reynolds 

numbers. Thereby, particle image velocimetry (PIV) and pressure measurements are applied to 

quantify and visualize the boundary layer development and its effects on the LEV formation and 

the circulation budget. 
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Living things have evolved to adapt to various environments for over 4 billion years. Therefore, 

many features that exhibit specific performances in particular cases cannot be designed using 

existing knowledge, making design inspired from nature relevant to solve modern problems. 

In this research, we focus on shark skin that has libretto structure. It is generally believed that 

this structure has hydrodynamic significance, but previous studies report contradicting results. 

Our aim is to clarify the hydrodynamic significance of shark skin. Here, we modeled three-

dimensional scales of Squalus suckleyi by using scanning electron microscopy and 3D-printed 

a mold for casting silicon rubber film. This procedure is efficient to easily produce relatively 

large surfaces of silicon film of shark skin. This technique can be applied to reproduce the 

surface structure of many more living things. The hydrodynamic significance of the scales of 

Squalus suckleyi was investigated by attaching the silicon shark skin to an airfoil. We 

conducted an experimental study using a particle image velocimetry (PIV) system. Surface 

static pressure distribution mapping and detailed flow field measurements around airfoil were 

carried out. This time, we describe the details of the manufacturing process and results of 

verification of hydrodynamic significance of microstructured Squalus suckleyi's skin. 

 
 



 

Running birds, humans and robots:  

Principles of leg control for robustly stable, agile and 

economic bipedal locomotion 
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Birds are diverse and agile vertebrates with exceptional ecological range, capable of 

many combinations of aerial, terrestrial, and aquatic locomotion. Despite great 

diversity, all birds rely on bipedal locomotion for at least part of their life. Thus birds 

provide a valuable opportunity to investigate how morphology, biomechanics and 

sensorimotor control are integrated for agile bipedal locomotion. Bipedal animals 

must precisely control limb-substrate interactions to move effectively over varied and 

uncertain terrain while avoiding falls, collisions and injury. My research team study 

transient locomotor dynamics to understand how bipedal animals integrate mechanics 

with predictive (feedforward) and reactive (feedback) sensorimotor control 

mechanisms to achieve agile locomotion. We have discovered several control 

strategies use by birds to achieve agility across many terrain contexts: 1) feedforward 

regulation of leg cycling rate, over relatively long time-scales, to maintain consistent 

leg loading in uneven terrain, 2) rapid load- and posture-dependent muscle actuation 

to stabilize body mechanical energy in response to disturbances, and 3) multi-step 

perturbation recovery strategies that allow body dynamics to transiently vary while 

tightly regulating leg loading to minimize risks of fall and injury. Finally, I will 

discuss some similarities and differences between human and avian bipeds, which 

highlight different solutions to the problem of sensorimotor delay. In on-going work, 

we are investigating how sensorimotor mechanisms are integrated and adapted across 

multiple time-scales to achieve balance during transient maneuverers. The principles 

revealed from studies of bipedal neuromechanics can directly inform control policies 

for to bio-inspired robots and human-assistive devices to enable robustly stable and 

agile locomotor dynamics. 
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Frogs have a unique ability to surpass the theoretical limits of their skeletal muscles. While many 

studies have investigated the explosive jumps of frogs on land, understanding of underwater 

escape mechanisms is lacking. Interestingly, frog species differ significantly in morphology and 

in aquatic and terrestrial tendencies. Our goal is to explore the effect of morphology on 

underwater performance and musculoskeletal mechanisms, through both experimentation and 

modelling.  

In this study, samples of leopard frogs, wood frogs, bull frogs, and green frogs were captured 

from local marshes. The frogs were filmed performing escape maneuvers using four cameras at 

1000 frames per second. Anthropometric measurements were recorded, and anatomical features 

of the frogs were tracked in 3D. The acceleration of the centre-of-mass and joint angles between 

all leg segments were determined for the entire motion.  

Preliminary results show differences in the synchronicity of joint angles across species, 

suggesting that strategies differ based on morphology and this may contribute to the varying 

underwater performance between species. Future work will include building a morphable 

musculoskeletal model, allowing us to adjust morphological and kinematic parameters and 

further investigate the relationship between form and function. 
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INTRODUCTION 
Human gait is shaped by an underlying drive to continuously 
minimize energy expenditure. We have recently demonstrated 
this using a paradigm where robotic exoskeletons are used to 
alter the energetic consequences of various gaits (Figure 1) 
[1]. We made abnormal ways of walking energetically optimal 
and found that when given broad exploritory experience 
subjects discovered and adopted the optimal gaits, even when 
energetic benefits were small. This is consistent with recent 
demonstrations that energetic cost is lower after adaptation 
than before in both walking and reaching tasks [2,3]. Yet, little 
is known about how people learn energy optimal movements, 
in real-time. Here, we combine human experiments with a 
reinforcement learning model to understand how the nervous 
system continuously optimizes energy use during walking.  
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Figure 1: Robotic exoskeletons were used to manipulate the 
relationship between step frequency and energetic cost. 

METHODS  
We use the same paradigm used previously to demonstrate that 
people can continuously optimize energetic cost during 
walking [1]. In brief, lightweight robotic exoskeletons capable 
of applying resistive torques at the knee joints were used to 
shift people’s energetically optimal step frequency to 
frequencies lower than normally preferred (Figure 1). Current 
testing was performed on a total of 36 healthy adults. 
First, we sought to determine what experience is necessary to 
initiate optimization. Towards this goal, we designed 
experimental protocols to distinguish between three alternative 
hypotheses: a) the nervous system spontaneously initiates 
optimization in response to a novel energetic landscape, b) the 
nervous system initiates optimization following perturbations 
to discrete cost points on a novel energetic landscape, or c) the 
nervous system initiates optimization in response to broad 
experience with multiple costs along a novel energetic 
landscape. Second, we sought to determine what optimization 
process is used to converge on a novel optimum. We again 
tested three alternative hypotheses: a) the nervous system uses 
a ‘chose best’ strategy where the body remains at the gait with 
the lowest experienced cost, b) the nervous system uses a 
‘local search’ strategy where the body progressively alters a 

given gait parameter as long it continues to result in cost 
reductions, or c) the nervous system uses a ‘sampling’ strategy 
where the body intermittently explores a range of gaits.  

RESULTS 
We found that only a small subset of subjects (6 of 36) with 
high levels of natural gait variability, and therefore more 
varied information about the energetic gradient, were able to 
spontaneously initiate optimization (Figure 2a). Conversely, 
the majority of subjects required perturbations toward the 
optimum, yet not explicitly to it, in order to initiate 
optimization (Figure 2b). These perturbations appear critical—
subjects that were given broad experience with the energetic 
landscape but were not perturbed did not initiate optimization. 
Once optimization was initiated, subjects gradually converged 
on novel optima in a manner consistent with a ‘local search’ 
process (Figure 2b). A simple reinforcement-learning model 
reproduces these observations, providing insight into possible 
algorithms employed by our nervous system when optimizing 
movements in real-time. 
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Figure 2: a) High natural gait variability can spontaneously 
initiate optimization. b) Perturbations to low costs can also 
initiate optimization. Once initiated, a ‘local search’ strategy is 
used to gradually converge on the new optimum. 

DISCUSSION & CONCLUSIONS 
Our findings not only unveil key mechanisms underlying 
energy optimization during gait, but may also indicate how 
this process can be sped up. This has direct relevance for many 
types of motor learning—including helping stroke patients 
rediscover energetically optimal gaits or aiding a solider 
learning to move in concert with an exoskeleton.  
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Increasingly in clinical practice, robotic therapies are used for gait training of children with cerebral 

palsy.1 These lower limb robots aim to stabilize the pelvis and reproduce the reciprocal linked-

segment motions of the lower limbs, with stride length and gait speed selected to avoid a spasticity 

response and lower the overall energy cost of walking. The evidence of efficacy for these 

exoskeleton devices is guarded, with one study reporting satisfactory results that were maintained 

at 1 month post-training. The fundamental limitation of these therapies, in our view, is that they 

adhere to a Bernsteinian view of motor control,2,3 in which muscle-articular synergies are organized 

around the kinematics of a movement as to reduce the redundant degrees of freedom at the 

neuromuscular level. In this perspective, gait development requires an overlapping organization of 

posture, with the necessary muscle energy for propulsion provided by the ankle plantarflexors and 

hip flexors. This ‘two system’ model of gait development, however, is not ubiquitous in the sense  

that a different set of synergies and postures would be required for different forms of gait, such as 

running, hopping and asymmetrical galloping. The flexibility for a smooth transition between gait 

patterns could be achieved by considering the development of posture and lower limb 

support/movement as a unified process and exploiting the efficiency of symmetry as an 

organizational principle, which allows using two copies of the same basic plan to achieve different 

levels of motor complexity.4 Assuming symmetry, the relative phase between sides becomes the 

coordinative variable of interest, with control of the time lag between phases allowing a range of 

gait patterns to be expressed, from reciprocal pattern to asymmetrical and symmetrical patterns. 

The relative phase between the two lower limbs implicitly determines the duration of support on 

each foot, without requiring the need to control a lower order variable, such as gait speed or energy 

cost. Furthermore, the need to consider the development of posture as being separate, albeit 

complementary, to gait can be obviated by considering the trunk and the lower limbs within a 

tensegrity biped design.5-7 Continuous fascia between the trunk/pelvis and the lower limbs could 

provide an effective connecting sling to dynamically couple the movements of the trunk and lower 

limbs. In this way, the development of posture and gait in children could be modeled as a dynamic 

process, unified to the sensory (internal and external) environment.8  Fonseca et al.9 presented 

positive effects of a soft tensegrity-based exoskeleton, which followed the architecture of the 

muscles of the lower limbs and their fasciae, in improving postural stability among children with 

cerebral palsy. It is, therefore, plausible that a mechanized tensegrity-based exoskeleton could be 

effective facilitating the self-organization of posture and gait in children with cerebral palsy.  

 

 

----------------------- 
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The Effect of Scapula Shape on Function of Rotator Cuff Muscles 

Erin C.S. Lee1, Neil T. Roach2, Allison Clouthier1, Ryan Bicknell1, Michael J. Bey3, Nathan 

M. Young4, Michael J. Rainbow1 

Queen’s University, Mechanical and Materials Engineering  

Introduction: In a previous study, we identified scapular shape features that differentiate 

populations with rotator cuff tears from asymptomatic controls (Figure 1). In this study, we 

examine how these shape features affect the biomechanics of the glenohumeral joint. Here, we 

introduce an approach to isolate the effects of scapular morphology on mechanical function by 

mapping 6dof kinematics measured with biplanar videoradiography onto a morphable 

musculoskeletal model.  

Methods: We first performed a Principal Components Analysis (PCA) on scapula bone shape 

variation (cuff tears: n=20, asymptomatic: n=28) and found that PC2 and PC4 maximally 

separated the injured and healthy subjects. From this analysis we estimated a mean shape that we 

warped utilizing associated eigenvectors to generate 21 models spanning each PC’s sampled 

range. 30 muscle fibres were automatically mapped onto each of the models. We applied in vivo 

6dof kinematics of an abduction task from one subject to all generated models. For each tendon, 

we calculated the line-of-action (LA) and moment-arm (MA). The LA was expressed as the 

contribution to the reaction force (RFC) (normal to the glenoid). Linear regression determined 

whether there was a significant relationship between morphology and biomechanics.  

Results: Here, we highlight the teres major (TM) and supraspinatus (SU) muscles at 60° and 

100° abduction. The MA of the TM was insensitive to changes in morphology at 60° abduction 

and for PC4 at 100° abduction; however, as the scapula became lateralized across the shape 

space (PC2), the MA was halved. TM LAs were sensitive to shape (R2 > 0.94) for both PCs. 

Interestingly lateralization of the scapula decreased the RFC, but as PC4 increased, the RFC 

increased. These trends did not change between 60° and 100° degrees of abduction. While shape 

affected LAs of the SU, the change in RFC was small. In contrast, increased lateralization 

increased the MA of the SU at 60° abduction but decreased it to zero at 100° abduction.  

Discussion: Our results indicate that morphology of the scapula substantially alters the SU and 

TM moment-arms and lines-of-action. While we examined PCs that had correlations with injury, 

a consistent pattern between the biomechanics of injured and uninjured shapes has not yet 

emerged. This may be due to the varying out-of-plane rotation over the range of abduction. 

Nevertheless, we found that shape can strongly influence the muscles’ ability to generate a 

moment, maintain contact with the glenoid, and translate the head of the humerus. These 

relationships were different depending on shoulder position. This may imply that the interaction 

between types of tasks performed and injury is important. 



 



Evolution of swimming in an extinct group of marine reptiles, 

Ichthyosauromorpha 

Ryosuke Motani, 

Department of Earth and Planetary Sciences, University of California, Davis 

 

Ichthyosaurs are a group of marine reptiles that diversified in the Age of Dinosaurs. They 

descended from a lizard-looking terrestrial ancestor and invaded the sea after the End-Permian 

Mass Extinction (about 252 million years ago). They were the first air-breathing vertebrates to 

invade the open sea, and cultivated the ecological role that is now played by cetaceans in the 

modern ecosystem. However, their swimming style had to evolve step by step before they 

eventually became efficient cruising animals as in cetacean, and it is possible to recognize four 

characteristic stages of their swimming evolution. 

The main propulsive organs of extant swimming tetrapods may be the body axis as in cetaceans, 

or limbs as sea lions and sea turtles, while few utilize both equally well.  It is evident that 

ichthyosauromorphs were body-axis swimmers from the beginning. The earliest 

Ichthyosauromorphs had a straight and laterally flattened tail to be used as the main propulsive 

organ. Limbs were flipper-shaped but the skeletons suggest that they were not suited for power 

strokes. Without a caudal fluke, their swimming ability was probably not superior to that of, say, 

the marine iguanas of Galapagos. 

Ichthyosaurs very quickly gave rise to a modified tail that was more suitable as the main 

propulsive organ. This second-stage tail had a slight bending of the vertebral column near the 

center of the tail, giving rise to a structure called the caudal peak. There is a dorsal fluke 

developed the caudal peak and posteriorly. The fluke would be similar to those of scyliorhinid 

sharks, mirrored upside down. The fluke not very deep and likely had limited ability to generate 

thrusts yet marked a remarkable innovation over the original straight tail. This second stage was 

likely reached within the first 1 million years of their evolution. 

The third stage was reached when the bending of the tail became steeper, and thus the dorsal tail 

fluke was now oriented more posteriorly than before. However, the bending was still positioned 

near the center of the tail, and thus the tail stem appears short as in some carcharhinid sharks. 

This intermediate design appeared within the first 5 million years of ichthyosaur evolution. 

Finally, the fourth stage tail appeared about 5 million years after the emergence of the third 

stage. Now, the tail bend is very steep, clearly orienting the tail fluke toward the back of the 

animal. The tail stem has been elongated, placing the tail bend more posteriorly than the center 

of the tail. A new joint appeared in front of the fluke, enabling the adjustment of the angle of 

attack of the tail fluke, as seen in cetaceans and tunas swimming today. Ichthyosaurs with this 

advanced fourth-stage tail are called thunnosaurs. 

Some aspects of swimming mechanics and energetics have been estimated for thunnosaurs, for 

which there are body-impression specimens with the shape of the tail flukes preserved. 

Quantitative estimations suggest that thunnosaurs were fast cruisers comparable in cruising 



speed to tunas of the same body lengths, and therefore slower than cetaceans of the same size. To 

sustain such a speed, thunnosaurs did not need mammalian metabolic rates and instead probably 

had rates similar to what are seen in tunas. Thus, they were probably not fully warm-blooded but 

had somewhat higher energetic levels than typical ectotherms. 

 

 

 

 



The use of aerodynamic modelling to unravel the effects of powered 

flapping on the origins of avian flight 

Dececchi, T.A., Sheppard, K, Mossman, A. and Rival, D. 

Queen’s University, Department of Mechanical and Materials Engineering 

 

Powered flight is a major locomotor novelty that has only occurred three times in the 500+ 

million-year history of vertebrates: in birds, bats and the pterosaurs. Of these, birds are unique in 

having a extensive and rich fossil record documenting the series of morphological changes that 

characterize the transition for terrestrial theropod dinosaur to volant birds. Recently, a series of 

taxa bridging this transition have been discovered possessing long feathers not only on their 

forelimbs but on their hind limbs, as well. This has been taken by some researcher to denote the 

presence of a “four-winged” gliding stage in the origin of flight, but this interpretation is 

contradicted by several lines of anatomical evidence which suggest that flight first appeared in a 

ground based ancestor, that gliding was not possible in non-avian theropod taxa, and that the 

“hind wings” did not provide weight support in flight. This latter interpretation raises question on 

the origin and function, if any at all, of the “hind wing”. Here we present work seeking to test the 

aerodynamic and propulsive implications of having a set of feathers on the hind limb to better 

understand how flight first appeared in the ancestors of modern birds. 3-D printed models were 

created for Microraptor that incorporated mechanisms to simulate a flapping flight stroke. These 

were then run in Queen’s Optical Towing Tank to examine the effects of drag and vortex 

shedding in our models based on the addition and variation in dimensions of the hind limb 

feathers. These results were then incorporated into mathematical models for takeoff and flight 

potential to see how much, if any, locomotory benefit long leg feathers gave to non-avian 

dinosaurs and early birds. This work is a major step forward in testing our hypothesis about the 

adaptive nature of this unique feature and helps us better understand how and when flight first 

arose in the lineage leading to modern birds.  

 



The evolution of muco-ciliary filter feeding in deuterostomes 

Cameron Christopher, University of Montreal 

Department of Biological Sciences  

 

Extant filter feeding deuterostomes, such as amphioxus and hemichordates, possess an elaborate 

branchial apparatus to ingest and trap suspended particles and convey them to the gut, while 

venting water through pharyngeal gill slits. Here I provide evidence that this apparatus is an 

ancestral deuterostome trait using morphology, molecular development, comparative genomics, 

sialic acid-glycoprotein biochemistry, and fossils. i) Comparative morphology of feeding 

adaptations between acorn worms, echinoderms and chordates suggests that the original role of 

gill slits was filter feeding. This branchial apparatus has been lost in the echinoderm line, and 

computational fluid dynamics suggests that it is vestigial in pterobranch hemichordates. ii) A 

comparative analysis of hemichordate genomes has identified a conserved genomic cluster of co-

regulated transcription factor genes associated with the development of pharyngeal gill slits, 

showing an ancient regulatory linkage across deuterostomes. iii) Numerous gene novelties shared 

by hemichordates and chordates imply developmental, physiological, and metabolic 

specializations of the filter-feeding deuterostome ancestor, including novel mucins/ 

glycoproteins and silica acid, plausibly acquired through horizontal gene transfer from marine 

microbes. iv) The oldest hemichordate fossils Spartobranchus tenuis and Oesia dysjuncta from 

the mid-Cambrian (505 mya) Burgess Shale of British Columbia, have a well-developed 

branchial apparatus including gill slits. 

 



Masters of the sky: A year in the life of a tree swallow 

Frances Bonier, Queen’s University 

Department of Biology  

 

  

Tree swallows are built for flight. They socialize, fight, and forage on the wing. These aerial 

insectivores are experts at catching flying food – when they are breeding, they feed almost 

exclusively on flying insects caught on the wing. The QUBS population of tree swallows has 

been the focus of ongoing study for more than 40 years. Over the course of this long-term study, 

we have learned a lot about tree swallow behavior, ecology, and physiology. However, since the 

1980s, the population has experienced a severe decline, and so our recent research focus has 

shifted to trying to understand drivers of this decline. The tree swallow’s aerial lifestyle might 

play a role: because of their specialized foraging on flying insects, which cannot fly at cool 

temperatures, tree swallows are particularly sensitive to changing climate. We also do not 

understand the costs and challenges associated with an aerial foraging lifestyle. I will review the 

behavior, ecology, and natural history of the tree swallow, drawing from our research to illustrate 

some of the selective pressures that shape this master of the sky.  

 



On the Hydrodynamics of Anomalocaris Tail Fins 
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Synopsis: Anomalocaris canadensis, a soft-bodied stem-group arthropod from the Burgess Shale, 

is considered the largest predator of the Cambrian period. Thanks to a series of lateral flexible 

lobes along its dorso-ventrally compressed body, it is generally regarded as an efficient 

swimmer, well-adapted to its predatory lifestyle. Previous theoretical hydrodynamic simulations 

have suggested a possible optimum in swimming performance when the lateral lobes performed 

as a single undulatory lateral fin, comparable to the pectoral fins in skates and rays. However, the 

role of the unusual fan-like tail of Anomalocaris has not been previously explored. Swimming 

efficiency and maneuverability deduced from direct hydrodynamic analysis are here studied in a 

towing tank facility using a three-vane physical model designed as an abstraction of the tail fin. 

Through direct force measurements, it was found that the model exhibited a region of steady-

state lift and drag enhancement at angles of attack greater than 25_ when compared with a 

triangular-shaped reference model. This would suggest that the resultant normal force on the tail 

fin of Anomalocaris made it well-suited for turning maneuvers, giving it the ability to turn 

quickly and through small radii of curvature. These results are consistent with an active 

predatory lifestyle, although detailed kinematic studies integrating the full organism, including 

the lateral lobes, would be required to test the effect of the tail fin on overall swimming 

performance. This study also highlights a possible example of evolutionary convergence between 

the tails of Anomalocaris and birds, which, in both cases, are well-adapted to efficient turning 

maneuvers. 



Unsteady aerodynamics of a micro-scale bristled wing 

 

Daegyoum Kim (KAIST, Republic of Korea) 

 

A fairyfly, smallest flying insect, has a distinctive micro-scale wing composed of a 

central frame and several bristles. In a low-Reynolds-number environment in 

which the insects live, a virtual fluid barrier is formed between bristles because of 

strong viscous diffusion and resultant overlap of shear layers developed along the 

edges of each bristle. The virtual fluid barrier enables the insect to fly with a so-

called ‘bristled wing’ with many gaps on its surface. However, despite its unique 

shape and novel physical mechanism for flight, unsteady characteristics of 

aerodynamic performance and flow structure of the bristled wing still remain 

unclear for various kinematics, configurations, Reynolds numbers, and 

environmental conditions.  

In this study, we first investigate a translating bristled wing in a wide range of 

Reynolds number, Re = O(101) to O(103), and compare with its counterpart: a 

smooth wing without a gap. Flow structure as well as aerodynamic force exerted on 

the bristled wing resembles that of a smooth wing as the Reynolds number reduces 

to O(101). Based on the study of translating motion, we extend our study to a 

flapping bristled wing, where formation and extinction of shear layers inside a gap 

are repeated per each stroke of short travel distance. A novel pattern of unsteady 

gap flow is correlated with aerodynamic force of individual bristles. Furthermore, 

we examine irregular arrangement of bristles for the optimization of aerodynamic 

performance and explore the response of the bristled wing exposed to gusty flow 

environments.  



What can we learn from the unsteady response of
plumed seeds?

J. N. Galler & D. E. Rival
Department of Mechanical Engineering

Queen’s University, Kingston, Ontario, Canada

2018

Abstract
The gust response of two species of plumed airborne seed is investigated experimen-
tally. Plumed seeds are a ubiquitous method for wind dispersal, seen employed by
countless plant species, with varying size and geometry. Travelling great distances,
these seeds rely on gusts of wind to colonize new territory, making it imperative that
they be capable of navigating the variable wind conditions in nature. How these bodies
passively interact with a gust event has implications towards the general understand-
ing of gust aerodynamics, and for the design of micro-scale drones. Previous studies
have shown that porous structures usually generate less force than a solid counterpart,
however, these seeds seem to exhibit strong flow fidelity in nature, eliciting further ex-
ploration. To abstract this problem, an analytical model has been produced for the force
experienced by an accelerating sphere, the sphere being chosen for its geometric simi-
larity to the volume taken up by a plumed seed. The thistle and milkweed seeds were
selected for experiment because of their approximately spherical geometry and tests
were conducted in an open channel wind tunnel. An array of nine high-power com-
puter fans produced 3.5 m/s gusts to accelerate specimens from rest while recorded on
the Photron WX100 high speed camera. Particle image velocimetry (PIV) was used to
measure gust velocity for the the entire flow field.

1



 

Low-cost 3D imaging of microscopic structures 

Josephine Galipon1 

1 Keio University Institute for Advanced Biosciences, Tsuruoka, Yamagata, Japan 

 

Numerous techniques are currently available for the analysis of microscopic structures in 3D, 

such as optical microscopy (confocal laser scanning, 3D structured-illumination), scanning 

electron microscopy, or X-ray microtomography (microCT). Our previous research focused on 

the digital processing of images produced by all of these to produce 3D printed models of 

enlarged versions, both for data visualization and experimental purposes. Most of these 

techniques require specialized knowledge, expensive equipment, with specific constraints on the 

type of samples that can be processed. Here, we present a low-cost strategy for 3D scanning 

microscopic structures. 

 

 



The evolution of bulldozers that fly: trade-offs and the coexistence 

of Nicrophorus burying beetles 

Paul R. Martin, PhD 

Associate Professor 

Queen’s University, Department of Biology 

 

Understanding biodiversity – how it forms, is maintained, and why it varies over space and time 

– requires an understanding of how species live together. Closely-related species are a puzzle in 

this regard: they typically use very similar resources, and theory predicts that one species should 

outcompete the another, driving populations of the poor competitor to zero. One solution to this 

puzzle involves trade-offs, which are traits that are adaptive for one function or in one 

environment, and simultaneously maladaptive for another function or in another environment. 

Species that solve trade-offs in different ways can potentially coexist indefinitely, with different 

species using slightly different resources, or the same resource in different habitats or 

environments. We search for and study adaptive trade-offs in Nicrophorus burying beetles that 

require small vertebrate carrion for reproduction, and compete intensively for it. Seven closely-

related species live together at QUBS, and all have specialized adaptations for moving and 

burying carcasses much larger and heavier than themselves. One of these miniature bulldozers 

(N. pustulatus), however, was recently discovered to be a forest canopy specialist, and appears to 

be the only species to specialize on carrion off the ground. How N. pustulatus is able to use 

canopy resources, and why other species have not also evolved to use the canopy, remains a 

mystery. I will review some of the natural history of Nicrophorus burying beetles, and review 

some of the particular challenges facing N. pustulatus in the forest canopy. 
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Locomotion of Polypterus in Environments Across the Terrestrial-Aquatic Transition 

 

Animals capable of locomotion in both aquatic and terrestrial habitats overcome disparate 

physical environments (i.e. buoyancy, gravity, friction, inertia) and sensory inputs to create effective 

locomotor gaits in both environments. Most studies investigating amphibious locomotion have focused 

solely on aquatic or terrestrial locomotion, while comparatively few investigate how locomotor behaviour 

varies across the land-water interface. Locomotion across this interface is important in an evolutionary 

context, as early amphibians would have needed to move effectively across this transition. Additionally, 

understanding how locomotor behaviour changes during this transition can help us understand how 

sensory feedback and the constraints of the physical environment effect the switch between aquatic and 

terrestrial locomotor modes. We investigated how the locomotor kinematics of Polypterus senegalus 

change across four environments across the water-land transition (mouth water level, eye water level, one 

body depth and two body depths). Locomotor behaviour in these transitional environments is often a 

combination of swimming and “walking” patterns, however, increases in water level to not always lead to 

more swimming-like behaviour. In particular, small changes in water level around one body depth elicit 

large changes in locomotor behaviour. By understanding the changes in kinematics observed in these 

transitional environments, we gain initial insight into changes in motor pattern across the aquatic-

terrestrial transition. Our observations of large behavioural responses to subtle changes in water levels are 

a unique opportunity to investigate the role of sensory input and physical constraint in shaping motor 

output. 



Looking at people in motion 

Nikolaus Troje 
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Locomotion is not just a means of getting from point A to B. The particular way that is done also 

contains plenty of information about the agent which can be of vital use for the observer. Being a 

highly social species, humans spend plenty of time watching other people. From the way they 

move, we recognize friends and we infer information about gender, age, personality, intentions, 

and emotions even from strangers. In my talk, I will provide an overview about a decade of 

research into people perception. I will present computational models providing insight into how 

information is encoded in human movement patterns, and how the visual system can retrieve that 

information. I will talk about expectations and prior knowledge about relations between 

anthropometric and kinematic characteristics which our visual system uses to interpret other 

people's movements. And I will talk about a visual invariant that plays a central role for quick 

and efficient identification of living creatures in our visual environment. I will finally discuss the 

evolutionary significance of the amazing sensitivity to biological motion patterns as well as its 

implications for applications in computer animation. 

 



Features and Performance of Bio-Inspired Propulors Downstream of Body Model

Seth A. Brooks∗, Justin T. King, and Melissa A. Green
Mechanical and Aerospace Engineering, Syracuse University, Syracuse, NY, 13244, USA

(Dated: March 21, 2018)

ABSTRACT

A majority of aquatic animals use oscillations of their
body and fins to produce thrust for locomotion. The
varying shapes and motions of these animals influence
performance characteristics such as efficiency, power, and
maneuverability. Recent research activities have focused
on the caudal fin, which is the posterior fin that connects
to the body through the peduncle. The caudal fin is typ-
ically investigated as an isolated propulsor and modelled
as a pitching and/or heaving aifoil [1–3]. Other previous
studies [4–8] have shown that the upstream body and fins
have significant effect on characteristics of the wake.

An ovoid, upstream body will be used as a simplified
model of a yellowfin tuna body. Simplifications include
the exclusion of all fins except the caudal fin as well as
symmetry in the transverse and spanwise direction. Pre-
vious results by King et al. (2018) provide a baseline of
the unsteady wake of the isolated pitching panel of trape-
zoidal planform. This experiment will build on the exist-
ing baseline for the unsteady wake and expand on it to
incorporate effects of an upstream body. This work will
be a precursor to including dorsal and anal fins as well
as actuation of a second degree of freedom (pitching the
posterior half of the body) to incrementally increase the
complexity of the model. Expected results may include
significant changes in the wake structure due to inter-
action of the panel with the wake of the upstream body.
These new representations of wake structure will improve
the understanding of the underlying phenomenon of un-
derwater locomotion. The original geometry and planned
additions are simple and incremental such that the results

are general and tractable.

The data will be collected using planar three com-
ponent stereoscopic particle image velocimetry (sPIV)
in a recirculating water tunnel. Data will be collected
at regular spanwise intervals along half of the trailing
edge. A volumetric representation over half the span
will be interpolated from multiple planes of data using a
cubic spline. This is then mirrored across the midspan
to create a volumetric representation of the wake over
the full span. Multiple planes of data will be collected
on the mirrored half of the span for comparison to verify
the symmetry assumption. The panel will be sixteenth
inch think and pitched about the leading edge using a
quarter inch diameter shaft. The body was produced
using additive manufacturing with polylactic acid (PLA).

(a) (b)

FIG. 1. Experimental setup of upstream body with pitching
trapezoidal panel.
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Unsteady Propulsion by an Intermittent Swimming Gait 

 
Emre Akoz and Keith Moored, Lehigh University 

Department of Mechanical Engineering and Mechanics 

 

Many aquatic animals such as saithe and cod use burst-and-coast swimming under certain 

circumstances.  Burst-and-coast or intermittent swimming in fish consists of cyclic bursts of 

swimming movements followed by a coasting phase in which the body is kept motionless and 

straight. Here we will show that intermittent swimming can save as much as 60% of the energy it 

takes to swim continuously at the same speed for pitch dominated swimming kinematics.  The 

newly discovered mechanism behind the energy savings is an inviscid one, whereby an animal 

can control its ratio of added mass thrust producing forces to its circulatory drag inducing forces 

by varying the degree of intermittency.  More importantly, it will be shown that the effects of 

intermittent swimming are described by simple modifications of continuous swimming scaling 

laws. Furthermore, the Bone-Lighthill boundary layer thinning mechanism has been proposed as 

the energy saving mechanism behind fishes intermittent swimming behavior.  To examine this 

hypothesis, the relative contributions of the inviscid and viscous mechanisms to the energy 

savings are investigated. The inviscid mechanism is shown to contribute to nearly all of the 

energy savings observed at low Re = O(103) while it is estimated that at high Re the inviscid 

mechanism contributes to half of the energy savings. The other half of the energy savings comes 

from the viscous mechanism that includes a concurrent rise in the form drag. Finally, a propulsor 

modeled with a lumped flexibility element is developed to investigate the effect of flexibility on 

the intermittent swimming performance. Flexible intermittent swimmers are discovered to save 

as much as 30% of energy compared to their rigid counterparts.  Flexible intermittent swimming 

provides an avenue to develop highly efficient swimming with simple pitch only mechanisms. 



Measurements of a saker falcon’s wing geometry in a wind tunnel 
Laura C. Sanders, Martin Heinold, Christian J. Kähler  

Institute of Fluid Mechanics and Aerodynamics, University of the Bundeswehr, 

Munich, Germany 

Saker falcons are, like most of their relatives, excellent aeronauts. Endemic to eastern Europe, 

central Asia and migrating to eastern Africa, these falcons are capable of catching prey on the 

ground and perfected snatching birds out of the air [4]. In order to execute demanding 

maneuvers and travel long distances, falcons use their wings to generate lift and propulsion at 

the same time while conserving as much energy as possible.  While doing so, the raptors change 

their wings geometry and surface [2]. 

The adjustable wing geometry and aerodynamics of falcon flight are subject to the on-going 

study at the institute of fluid mechanics and aerodynamics at the University of the Bundeswehr 

Munich. Two saker falcons were recorded as they flew through the institute's atmospheric wind 

tunnel, being unimpaired by measurement technology. A stereoscopic camera system 

consisting of ten high-speed cameras was set up, recording the falcon passing through the field 

of view [3]. By increasing the wind speeds to up to 20 
𝑚

𝑠
, the birds adjusted their style of flight. 

It was possible to record flapping flight phases as well as gliding flight phases, where the falcon 

was almost stationary in the field of view. Moreover, the take-off of the birds from a bar was 

captured on camera, which is particularly interesting because it is one form of maneuver flight 

little known yet [2]. 

The three-dimensional wing geometry is to be reconstructed by recognizing and triangulating 

the natural distinctive points of the pattern on the falcons’ wings. The pattern on the saker 

falcons’ wings is articulate, so an algorithm can reconstruct the surfaces of the wing by using 

optic flow [1]. The derived geometries are then examined and tested in the wind tunnel for their 

aerodynamic qualities.  
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The response of autorotating maple seeds and bio-inspired rotor model to unsteady wind 

conditions is investigated experimentally. In order to improve their odds of successful 

reproduction, maple trees rely on the dispersion of their winged seeds over large areas. For 

that reason, samara seeds have evolved to harness the wind to propagate far away from the 

parent trees into the seeds final germination sites. Samaras exhibit stable autorotation, 

which is responsible for slowing down the seed's descent by generating relatively high lift. 

Previous investigations showed that the formation and stabilization mechanisms of 

leading-edge vortices (LEVs) are responsible for the autorotating behaviour of the seed, 

and hence, the high lift generated by the seed's wing. However, the seed will fall rapidly 

once it stops autorotating due to the high weight of the seed's nut. Since samara seeds 

propagate successfully in unsteady gusty environments, samaras with robust flight 

mechanisms in unsteady environments are thought to be deemed the fittest in terms of the 

Darwinian natural selection. In this study, we investigate the response of samara seeds and 

bio-inspired rotor model experiencing different profiles of gust. Experiments are conducted 

using open flow wind tunnel for investigating the unsteady response of real maple seeds, 

while using optical towing tank for investigating the unsteady response of the rotor model. 

Particle image velocimetry (PIV) is then used to visualize the flow around the seed's wing.  


