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Abstract. The goal of this work is to present a method based on fluid-structure
interactions to enforce a desired trajectory on a passive double pendulum. In
our experiments, the passive double pendulum represents human thigh and shank
segments, and the interaction between the fluid and the structure comes from a
hydrofoil attached to the double pendulum and interacting with the vortices that are
shed from a cylinder placed upstream. When a cylinder is placed in flow, vortices are
shed in the wake of the cylinder. When the cylinder is forced to rotate periodically, the
frequency of the vortices that are shed in its wake can be controlled by controlling the
frequency of cylinder’s rotation. These vortices exert periodic forces on any structure
placed in the wake of this cylinder. In our system, we place a double pendulum fitted
with a hydrofoil at its distal end in the wake of a rotating cylinder. The vortices exert
periodic forces on this hydrofoil which then forces the double pendulum to oscillate.
We control the cylinder to rotate periodically, and measure the displacement of the
double pendulum. By comparing the joint positions of the double pendulum with those
of human hip, knee and ankle joint positions during walking, we show how the system
is able to generate a human walking gait cycle on the double pendulum only using the
interactions between the vortices and the hydrofoil.

1. Introduction

In this work, we investigate the possibility of obtaining trajectories similar to those of

human walking gait in a passive double pendulum placed in fluid flow by using flow

control strategies. We focus on the kinematics of the small-scale double pendulum that

represents a human leg and we compare the trajectories obtained from this system with

those from the human gait data.
Through physical interaction, the potential exists for a robot to assist a person

during recovery from stroke, decline of motor functions due to age-related issues, or a

disease. To accomplish this goal, research has focused on wearable robotic exoskeletons

to create a symbiotic coupling between the user and the device with a goal to synchronize
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the device with the user’s motion for the device to feel natural [1]. However, current
devices, such as Indego(©) [2], ReWalk(©) [3], and Esko Bionics(C) [4], suffer from being
physically connected to the user causing interactions with the user’s body that can
create unwanted dynamics and discomfort at the interface. Another aspect of physical
therapy is the use of body weight support mechanisms during sessions to allow a person
to regain functionality without supporting one’s full body weight [5]. Providing body
weight support is done via harnesses (e.g., [6]), or more naturally and comfortably, using
buoyancy as experienced when using an underwater treadmill. There is an example of
a pneumatic exoskeleton suit that can be worn in the water, but this approach still
physically connects to the user, impedes one’s natural dynamics, and does not leverage
unique dynamics of walking in the water [7]. In this paper, we present our work toward
understanding how the dynamics of the fluid flow can be leveraged to assist or resist
human limbs while walking underwater.

Previously, we had investigated the response of a minimally constrained hydrofoil
(i.e., one hung from a string and otherwise free to move) placed in the wake of a
cylinder [8]. In that work, we had considered the response of the hydrofoil when
the cylinder was (i) fixed, (ii) forced to rotate in one direction, or (iii) forced to rotate
periodically. This is an example of a Wake-Induced Vibrations problem, in which a
body is placed downstream another and interacts with the wake of the upstream body
(e.g., 19, 10, 11, 12]). Previous research had shown that if a cylinder placed in flow
is forced to rotate in one direction [13, 14, 15, 16, 17, 18] or periodically in both
directions [19, 20, 21, 22], its wake can be controlled. The shedding of vortices that are
observed in the wake of a fixed cylinder placed in flow can be completely suppressed if
the cylinder is forced to rotate in one direction with certain angular velocities or the
shedding frequency can be altered if the cylinder is forced to rotate periodically within
a range of angular velocities.

In our previous work [8], we investigated how a hydrofoil placed in the wake of such
a cylinder reacts to the changes in the shedding patterns of the cylinder. We showed
that when the cylinder is fixed, t he hydrofoil i nteracts with t he vortices t hat are shed
in the cylinder’s wake and oscillates at a frequency equal to the shedding frequency.
This frequency increases with increasing flow velocity, following t he Strouhal law, and
cannot be controlled otherwise. When the cylinder is forced to rotate in one direction,
the hydrofoil moves to the side of the wake and remains mainly static, as the rotation
of the cylinder in one direction deflects the wake, which causes the hydrofoil to move to
the side. When the cylinder is forced to rotate periodically, there is a range of rotation
rates for which the shedding frequency equals the rotation frequency [23], and as a result
the frequency at which the shed vortices interact with the hydrofoil can be controlled by
controlling the rotation frequency. In this case, we found a range of frequencies for which
the hydrofoil followed a figure-eight trajectory asit interacted with t he shed vortices.
This figure-eight t rajectory included a relatively large displacement of t he hydrofoil in
the direction of the incoming flow (the inline d irection). This inline oscillation is key to
replicating a human gait, as the main component of motion while walking is parallel to
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Figure 1. A schematic of the experimental setup together with an overview of the
vortices that interact with the hydrofoil. The hydrofoil is attached to the tip of the
lower limb, which represents the half-shank location. The dashed line represents the
projection of the lower limb to the “ankle” location.

the flow.

Here, we show how the motion of this hydrofoil can force a double pendulum
to follow trajectories similar to those of a human walking gait, when the hydrofoil
is attached to a double pendulum. This work is part of a longer-term project to develop
new methods of hydrotherapy for patients requiring assistance during gait training.
In this project, a person walking on an underwater treadmill has hydrofoils affixed to
their lower limbs and the fluid forces generated by the wake-hydrofoil interaction create
assistive dynamics on their limbs to induce a desired gait pattern as required by the
therapy. This system represents a novel approach to assisted gait training that allows
for a non-contact interplay between the robot and human, where motive power and
control commands are transmitted through the unconstrained fluid.

2. Experimental setup and method

The experiments were performed in a water tunnel with a test-section of 50 c¢m X
38 cm x 127 cm capable of flow velocities up to 1 m/s, with a uniform flow profile
and a turbulence intensity of approximately 2% [24]. To replicate the kinematics of a
human leg, a double pendulum, which is a common model of the limb, was designed and
built, and a hydrofoil was mounted at the lower end of the pendulum (Figure 1). This
pendulum was designed to minimize the friction in the joints, the mass, and the fluid
forces acting upon it so the dynamics of the system would be dominated by the hydrofoil-



A.G. Carleton, F.C. Sup IV, and Y. Modarres-Sadeghi 4

vortex interaction. Corrosion resistance was also a factor in material choices. To these
ends, small ceramic ball bearings were selected and mounted in yokes 3D printed from
PA2200 nylon using selective laser sintering (SLS). Thin aluminum rods were chosen as
the link between joints. The top joint of the double pendulum was rigidly mounted to
an extruded aluminum framework that was fixed to the test section of the water tunnel,

and allowed for position adjustments in three directions. The hydrofoil was mounted
rigidly at the lower end of the double pendulum. The upper limb of the double pendulum
had a length of [; = 12.9 cm and the lower limb was I = 7.8 cm. The length of the
lower limb was selected such that when the hydrofoil was attached to its lower end, it
would represent a hydrofoil that is attached approximately in the middle of the human’s
lower leg. The hydrofoil had a NACA 0012 profile with a chord length of ¢ = 75 mm,

and a span of [ = 100 mm, and was mounted such that it projected from both sides of
the bottom of the lower limb to minimize torques perpendicular to the axial direction,

which could cause binding in the bearings. To replicate a human range of motion at
each joint, each 3D printed yoke was designed with provisions for adding semi-compliant
stops made from 0.022 in diameter spring wire. Joint rotation was limited to a range of
a = —15° to 45° at the hip and § > 0° at the knee. The hydrofoil was mounted at an
angle of attack of approximately —8° relative to the lower link to keep the knee joint
straight as it traveled upstream by keeping the joint under a small tension. The double
pendulum was placed four diameters downstream the cylinder.

The upstream cylinder had a diameter of D = 6 ¢m, and spanned the width of the
test section of the water tunnel. The cylinder was supported on a shaft which in turn
was supported by corrosion-proof ball bearings mounted to streamlined vertical plates.
These plates were extended above the surface of the water and connected to a rigid
mounting frame made of extruded aluminum. One of these plates contained a shallow
channel on the side against the test section’s wall through which a thin toothed belt and
pulley system was routed to connect the submerged cylinder to the drive motor. This
motor was controlled with a National Instruments data acquisition card and a Simulink
Real-Time model that allowed for precise control of the cylinder’s velocity profile.

The experiments were filmed using a P hantom Miro M 110 ¢ amera. T he positions
of the knee joint and the hydrofoil’s 1/4 chord point were tracked using Adobe After
Effects. Tracked data were then processed in MATLAB to determine the hip joint angle,
a, and knee joint angle, 5. These angles were calculated relative to the fixed hip joint
location and a known true horizontal surface captured within the frame. Joint angles are
reported as shown in Figure 1, with deflection in the upstream direction corresponding
to a positive angle for the hip joint and a negative angle for the knee joint.

To visualize the flow, we used bubble image velocimetry ( BIV) following t he steps
that we discussed in our previous work [8]. The major change in flow visualisation in the
present work was that the 0.002-in-diameter platinum-iridium wire was taut upstream
vertically (instead of horizontally) to enable a visualisation of the vortices from the side.
PIVlab toolbox [25] in MATLAB was used to conduct the quantitative BIV analysis.
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Figure 2. A snapshot from the actual experiment as the hydrofoil interacts with the
vortex that is shed from the upstream cylinder. The arrows show the local velocity
vectors calculated from the BIV results.

3. The experiments

In our previous work [8] we had shown that the frequency of the cylinder’s rotation
plays an important role in the observed response of the hydrofoil downstream, since
the shedding frequency is controlled by the rotation frequency. We had shown that
when the cylinder is forced to rotate periodically with a constant 1:1 ratio between
CW and CCW rotations, then both figure-eight a nd linear t rajectories a re observed

in the hydrofoil’s response. We had also observed that for lower values of cylinder’s
dimensionless frequency, inline oscillations are much larger in the hydrofoil’s response.

This inline component of the response is critical for us to be able to replicate the walking
gait trajectory, since the walking gait trajectory for a human resembles a horizontal
teardrop shape, with a large portion of the trajectory being in the walking direction.

For our double-pendulum to emulate the walking gait, the walking direction will be in
the direction of flow, and therefore we need to be able to induce a large inline motion. For
these experiments, we considered several different combinations of system parameters.
Here, we present the results of two sample cases only: case (i) at a reduced velocity of U*
= U/f.D = 2.4 (where U is the incoming flow velocity and f, = 1.4 Hz is the double
pendulum first mode natural frequency in air), a dimensionless angular velocity of o =
Dw/2U = 2.3 (where w is the angular velocity of the cylinder), a dimensionless cylinder
rotation frequency of f*= f.,;D/U = 0.11 (where f,,;is the dimensional

cylinder frequency in Hz), and a ratio of 2:3 for the CW to CCW rotation directions in
each cycle of cylinder rotation, and case (ii) at U*= 2.7, « = 2.1, f*= 0.10), and a

CW to CCW ratio of 1:1. By looking at these two different cases, we will show that the
results are not limited to a small sub-space in a relatively large parameter space of the
system.
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Figure 3. Snapshots of the interactions between the vortices shed in the wake of
the cylinder and the hydrofoil over one gait cycle. The vorticity is normalized by
the maximum value observed in the wake. The red (positive) vortex rotates in the
CCW direction and the blue (negative) vortex rotates in the CW direction. See the
supplementary material for an animation.

4. Hydrofoil-vortex interactions

To start, we consider case (i) and discuss how the vortices that are shed from the
upstream cylinder interact with the hydrofoil. Figure 2 shows a snapshot of the actual
experimental setup as the double pendulum and the hydrofoil attached to it interact with
the incoming vortex. The arrows in the snapshot are the instantaneous velocity vectors
of flow particles and provide an overall view of the flow behavior around the hydrofoil.
In this snapshot, the vortex is forcing the hydrofoil to move to the right, which in turn
causes the pendulum to “walk” in the direction of flow. Figure 3 shows twelve snapshots
over one gait cycle of the double pendulum for this case. The first snapshot in the figure
corresponds to when a positive vortex (rotating in the CCW direction) is shed from
the lower side of the cylinder. In this snapshot, the double pendulum is straight and is
moving upstream (i.e., toward the cylinder). In snapshot (b) the vortex that is traveling
downstream starts interacting with the hydrofoil and forces the hydrofoil to go around
the vortex. In this snapshot, the hydrofoil has started its upward motion. In snapshots
(c) and (d), the positive vortex has already forced the hydrofoil to change its direction
of motion dramatically and the hydrofoil is at a very large angle of attack with respect
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to the incoming flow. In snapshot (e), t he p ositive vortex is moved d ownstream, and
the hydrofoil is rotating toward smaller angles of attack, and in snapshot (f), the vortex
is clearly passed the hydrofoil and the pendulum is moving downstream (i.e., away from
the cylinder). A negative vortex (rotating CW) is seen to be formed in snapshots (e)
to (g). In snapshot (g), this vortex is fully developed and is in the wake. In snapshots
(h) and (i), the negative vortex moves toward the hydrofoil, as the hydrofoil moves
upstream. It is clear in snapshot (i) that when the hydrofoil sees the negative vortex,
it is located such that the hydrofoil goes through the vortex, instead of around it, and
slices the vortex into two pieces as seen in snapshots (j) and (k). In snapshot (k), the
negative vortex is already divided into two counter rotating vortices highlighted by the
blue and red colors in the top and below the hydrofoil. In snapshot (1), the double
pendulum is at the same point in its cycle as in snapshot (a) and the cycle repeats.
This scenario suggests that the oscillation frequency of the double pendulum is equal to
the frequency of shedding of vortices from the upstream cylinder.

While two vortices are shed in the wake, only one of them (the positive vortex)
exerts forces on the hydrofoil that cause changes in its motion. If both vortices that
are shed in one cycle had similar interactions with the hydrofoil, then oscillations in
the direction of flow would have been of a frequency twice the shedding frequency as
observed before in the response of a flexibly-mounted cylinder placed in flow and allowed
to oscillate in the direction of flow only [26]. However, here the two vortices interact with
the hydrofoil differently. To clearly see the differences in the vortex-hydrofoil interactions
for the positive and negative vortices, we should consider the relative location of the
hydrofoil with respect to the incoming vortex when it approaches the vortex. In snapshot
(b), the vortex is approaching the hydrofoil when the hydrofoil is already at a positive
angle of attack and is moving toward the top of the vortex. This initial positioning then
results in the hydrofoil traveling around the positive vortex. In snapshot (i), however,
the hydrofoil approaches the vortex at a negative angle of attack and interacts with the
side of the vortex first, w hich t hen results in t he hydrofoil slicing t he vortex i nto two
counter rotating vortices. The fact that only one vortex causes dramatic change in the
direction of the hydrofoil (and as a result the response of the double pendulum) suggests
that a peak frequency should be observed in the response of the double pendulum at a
frequency equal to the shedding frequency. We will discuss the trajectories of the double
pendulum in the following section.

5. Sample gait trajectories of the double pendulum

Figure 4 shows sample snapshots of the pendulum motion over one cycle of oscillations
for case (i) when the cylinder is forced to rotate with a ratio of 2:3 between the CW
and CCW rotations. The dashed line that is extended from the hydrofoil downward
projects the lower half of the lower leg and the black dot at the tip projects the location
of the ankle. Human gait data are typically reported relative to the percent completion
of each gait cycle in human kinematic studies, with gait cycles beginning and ending at
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Figure 4. Snapshots of the pendulum motion over one gait cycle versus the percentage
of a complete cycle for case (i), i.e., a CW to CCW ratio of 2:3 for the cylinder rotation.
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Figure 5. Time series and FFTs of the hip joint angle, « (upper row), and knee joint
angle, 5 (lower row). In the plots, 7 = tf.,; and f* = f/f., are dimensionless time
and frequency, respectively. The vertical red lines in the time histories represent the
end of each gait cycle.

the heel strike, when the foot first contacts the ground. Since in the double pendulum
system of the present work there is no contact to demarcate each cycle, each gait cycle
is defined as starting at 5% of a cycle after the point when the hydrofoil reaches its
maximum upstream extension. This 5% offset accounts for the small amount of dwell
time at this maximum forward position and the initial backward travel of the foot in
the terminal swing phase of the gait before contacting the ground [27]. As we will see
later in the text, this 5% also results in a close alignment of the peaks of the hip and
knee angles between the double pendulum data and the human gait data.

Sample time histories for the hip joint angle, o, and the knee joint angle, 3, together
with their corresponding frequency contents are given in Figure 5 for case (i). The time
histories show repeatable gait cycles for both angles over several cycles. The FFT plots
corresponding to both time histories exhibit a main peak at a dimensionless frequency
of f* = f/feu = 1, which means that oscillations of both joints are synchronized with
the forcing frequency, which is also equal to the shedding frequency. This is the result
of the fact that only one of the two vortices that are shed in the wake causes a change
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Figure 6. (a) Trajectories of the knee, the location of the hydrofoil, and the projected
location of the ankle over a gait cycle shown as the averaged values of several gait
cycles. (b) Ankle trajectories from the sample cases of the double-pendulum results
plotted on top of the average results from human walking gait. The axes are normalized
by Zl.

in the direction of motion of the hydrofoil, as we saw in the flow visualisation results
of Section 4. The existence of the second vortex and its interaction with the hydrofoil
are reflected in the FFT plots of Figure 5 as small peaks at the second harmonic. The
interaction with the second vortex does not change the direction of hydrofoil’s motion,
but it is significant enough to be observed in the FFT plots.

The plot of Figure 6(a) highlights the trajectories observed at the knee, half-shank
(the location of the hydrofoil), and the ankle. The horizontal teardrop like trajectories
that are observed at the hydrofoil and ankle locations resemble those observed in actual
human gaits, with a 1:1 frequency ratio between the x and y components of the response.
This comparison is made in Figure 6(b) where the ankle trajectories from the two sample
cases discussed here are plotted on top of the average human gait trajectory based on
the data provided in the literature [27]. It is observed in the plot of Figure 6(b) that the
trajectories cover a very similar distance in the z-direction, but in the y-direction, the
double pendulum trajectories are larger. While quantitative differences are observed, the
trajectories from the double pendulum follow a pattern very similar to the human gait
trajectories. One should also consider that the two pendulum trajectories are two sample
cases in a relatively large parameter space. A more comprehensive comparison between
the double pendulum results and the human gait data is provided in the following
section.

6. Double pendulum response in comparison with human walking gait

An overall view of how the hip joint angle, «, and the knee joint angle, 3, vary in each
gait cycle of the double pendulum is given in Figure 7 for the two sample cases discussed
here. The plots on the left column correspond to case (i) and the plots on the right
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Figure 7. Average responses of the hip joint angle, « (first row), and knee joint angle,
B (second row), based on the double pendulum response and normal human walking
gaits, together with the input normalized angular velocity, a., given to the upstream
cylinder, for case (i) a 2:3 ratio between the CW and CCW rotations and U* = 2.1
(left), and case (ii), a 1:1 ratio between the CW and CCW rotations and U* = 2.3.
(right).

column to case (ii). The waveforms of the input dimensionless angular velocities are
also given in the figure for both cases. In the plots, the gait response of the double
pendulum are compared with those of human gait. The human data are obtained from
a publicly available data set of lower limb kinematics [27]. This data set contains joint
angles for ten test subjects walking at a range of speeds, and the data used here are for
0.8 m/s. In the plots of Figure 7, we show the range for these data as well as the data
from our double-pendulum results that is found as the mean of the data plus minus one
standard deviation.

The results from the two sample cases of the double pendulum response shown in
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the figure follow a similar p attern, d espite t he f act t hat t he i nput s ignal t hat forced
the cylinder rotation and the reduced velocity were different in t hese ¢ ases. A lso, the
double pendulum results follow a trend similar to what is observed in human walking
gait. The hip angle of the double pendulum decreases initially to reach a local minimum
at approximately 55% of the gait cycle. The hip angle then increases until it reaches
a local maximum at approximately 85% of the gait cycle. The knee angle increases
initially in the first 15% of t he gait cycle, and t hen t he r ate of i ts i ncrease decreases,
followed by another high-rate increase starting around 45% of the gait cycle, leading to
a local maximum at approximately 70% of the gait cycle. This angle then decreases
monotonically until the end of the cycle. One important feature in the data is that
the local minimum of the hip angle (at approximately 55%) and the local maximum of
the knee angle (at approximately 70%) occur at comparable points in the gait cycle for
the double pendulum and the human gait data. It is also important to note that the
local minimum of the hip angle and the local maximum of the knee angle occur at two
different p oints during the cycle, which implies t hat t he hysteresis loop (the horizontal
teardrop trajectory) is observed in the trajectory of the double-pendulum ankle as we
saw earlier in the plots of Figure 6.

These similarities between the double-pendulum gait cycles and the human gait
cycles are obtained despite several differences b etween t he t wo s ystems. M ost notable
is the fact that the double pendulum is a passive system versus a human limb with
musculoskeletal system with active and passive dynamics. Another difference lies in the
fact that the double pendulum system does not have any contact with the ground, and
therefore the ground forces that act on a human leg during a cycle are missing in the
double pendulum gait. In the human gait cycle, due to the ground impact, there is a
small amount of overshoot in the hip joint before the beginning of the next gait cycle.
This overshoot is not present in the double-pendulum case, which uses a 5% offset from
the maximum upstream position as the start of the gait cycle. Lastly, the hip joint
location is not fixed in t he human walking d ata, and it oscillates, w hile in t he double
pendulum setup, the upper hinge is fixed. The human gait pelvis angle oscillates around
a mean value of approximately 10° [27], and is another source for differences observed
between the double-pendulum results and the human walking gait.

7. Discussion and Conclusions

We have presented a design to emulate the human walking gait using a passive double
pendulum placed in flow. The double pendulum’s motion is induced by forcing a cylinder
placed upstream the double pendulum to rotate at a desired frequency and follow a
desired waveform, thereby controlling the frequency and strength of the vortices that
are shed in its wake. These vortices in turn interact with a hydrofoil that is attached to
the tip of the lower limb of the double pendulum and force it to follow a desired path.
Through a detailed BIV analysis, we show that of the two vortices that are shed
in the wake of the upstream cylinder, one interacts with a hydrofoil such that it forces
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the hydrofoil to go around the vortex. The second vortex, however, is sliced to two
smaller vortices by the hydrofoil during the upstream motion of the double pendulum
and does not influence the hydrofoil’s motion significantly. The result of this interaction
is a trajectory with a horizontal teardrop shape at the ankle location of the double
pendulum that resembles the trajectory measured in the human gait cycle. When we
compare the hip angle and the knee angle measured in the double pendulum response
with those from the human gait cycle, we observe very important similarities: In both
the human gait and the double pendulum responses the peaks of the hip angle and the
knee angle occur at two different points in the gait cycle, which result in a hysteresis
loop (or the horizontal teardrop shape trajectory), as opposed to a trajectory that would
have traversed the same path moving forward and backward. The relative locations of
these two peaks in the hip angle and the knee angle time histories are also comparable
for both cases.

We have discussed two sample cases for the double pendulum results for two sets
of parameters. The parameter space for this system is a very large one in which one
can adjust different parameters to obtain a desired motion. These parameters include
the relative length of the two limbs of the double pendulum, the frequency at which
the upstream cylinder is forced to rotate, the wavefrom with which the cylinder is
forced, the distance between the upstream cylinder and the double pendulum, the exact
location where the hydrofoil is attached to the double pendulum, and the value of the
reduced velocity, to name a few. A comprehensive parametric study that would consider
all these parameters was not the goal of this work. The goal was to show that it is
possible to obtain human-gait like response in a passive double pendulum through the
manipulation of the incoming flow upstream, and without directly interacting with the
double pendulum otherwise. We have shown that this is possible for some combinations
of the parameters in the large parameter space of this system. The results of this work
demonstrate the feasibility of this approach on a larger-scale, immersive robotic system.
The system would manipulate the incoming flow to induce forces on hydrofoils attached
to a person’s limbs which would guide them into a prescribed gait trajectory while
walking on an underwater treadmill.
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