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Abstract. Hagfish are capable of not only forming knots, but also slid-
ing them along the length of their bodies. This remarkable behavior is
used by the animal for a wide variety of purposes, such as feeding and ma-
nipulation. Clearly of interest to biologists, this knotting behavior is also
relevant to other fields, such as bioinspired soft robotics. However, this
knot-sliding behavior has been challenging to model and has not been
simulated on a computer. In this paper, we present the first physics-
based simulation of the knot-sliding behavior of hagfish. We show that
a contact-based inverse dynamics approach, motivated by the biological
concept called positive thigmotaxis, works very well for this challenging
control problem.
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1 Introduction

Hagfish are incredibly flexible animals. Their flexibility is best demonstrated by
their ability to tie their long skinny bodies into knots and effectively manipulate
those knots for many purposes: they wipe their bodies clean by passing knots
from one end to the other [1]; they can use knots to extricate themselves from
burrows and holes [31,40]; and knots are used to generate leverage in order to
tear off chunks of food [11]. This last function of knotting is interesting because
hagfish evolved prior to the evolution of vertebrate jaws, and yet they are able
to remove considerable morsels while scavenging carrion, such as the decaying
carcasses of whales. This is achieved by first embedding the teeth of an eversible
toothplate into the food item, forming a knot at the tail, and then sliding this
knot anteriorly until a loop of the knot passes over the hagfish’s head. This loop
is pressed up against the food item and is used as powerful leverage to tear out
the morsel [12,37].

While there are other vertebrates that are capable of knotting, namely sea-
snakes (e.g. [27]) and moray eels (e.g. [24]), hagfish seem to be the most ready
to employ knotting behaviors and are capable of tying the greatest variety of
knots. This may be because they possess extensive adaptations for creating and
manipulating body knots. First, their bodies are flexible and extremely elongate;
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their lengths are typically over twenty times that of their widths [16]. Second,
hagfish have no fins or other projections that extend from their rope-like bodies.
Third, their skins lack the outer layer that produce rough scales, resulting in
a smooth skin with low friction [3]. Fourth, their skins are extremely baggy
and loosely connected to the musculature of the body wall, which precludes the
tough skin from binding during knotting maneuvers [10]. Fifth, the body does
not have a spinal column, or any bones at all, to stiffen the body; instead a
flexible, cartilaginous rod (the notochord) that extends down the length of the
inextensible body accounts for most of the body stiffness [22].

The extreme flexibility represents a neural control problem that is poorly un-
derstood, because controlling such flexibility may theoretically require an enor-
mous amount of neural input [38]. Such models and organisms are described
as “hyper-redundant” [36]. As a result, researchers have not only been unable
to characterize how hagfish control their bodies during this knot formation and
manipulation process, but they also have struggled to develop a computer sim-
ulation of knotting that appears realistic or biologically informative.

The key to developing a realistic simulation of a knotting hagfish rests on
a behavioral characteristic known as “positive thigmotaxis,” which describes an
animal’s drive to be in direct physical contact with solid objects in its local envi-
ronment. Our own observations of hagfish in aquaria confirm that they seem to
prefer to be pressed up against the edges or touching others, rather than be alone
or in the center of the aquarium. This positive thigmotaxis may stem from their
real world behaviors of living in shallow burrows or crevices in the dark zones of
the ocean or packing tightly into cavities of whale carcasses [23,40]. In reviewing
high speed videos of knotting hagfishes, Haney noticed that the tail exhibits pos-
itive thigmotaxis during all stages of knot formation and manipulation [16]. The
type of knots that hagfish make depends on the number of crossovers that the
tail forms. Interestingly, mathematicians who study knots also categorize them
by the number and organization of crossovers [2]. The key feature that we have
noticed is that as the hagfish slide a given knot anteriorly or posteriorly along
the body, the constituent crossovers do not change in relation to each other. Our
contact-based inverse dynamics approach is motivated by this observation.

In this paper, we present a novel graphics testbed for simulating a knotting
hagfish. Our main contribution is that our work is the first demonstration of
the knot forming and sliding behavior. We use reduced coordinate rigid body
dynamics to model the hagfish with parameters taken from real-world measure-
ments (§3.1). We then apply a contact-based inverse dynamics controller based
on positive thigmotaxis that produces a realistic and bioinspired knot sliding
movement of the hagfish (§3.2).

2 Related Work

Knotting of Hagfish The knotting behavior of hagfish was first documented
by Adams [1], who observed that Myzine glutinosa, or Atlantic hagfish, formed
a knot to clean off slime from its body. He also observed that the movement can
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be reversed—the knot can slide toward the head or the tail. Ever since, most
works focused on specific functional uses of knotting behavior, which hagfishes
exploit for their survival. These include wriggling out of burrows and leveraging
retractile force against the surface to tear out morsels of food [11,12,37,40]. There
are also some works that looked into the biomechanisms involved in the knotting
process. Haney [16] focused on different kinds of knots that hagfish are capable
of formulating, and Evans et al. [14] analytically examined the body flexibility
of hagfish based on biometric data. In this paper, we use their observations and
measurements to simulate the knot forming and sliding.

Simulation of (Sliding) Rods and Cables There exist many approaches
for the dynamic simulation of rods and cables that could be used for hagfish
simulation [25,7,6,32,13]. In our work, we use rigid body dynamics, which has
been an active research area for decades [15]. In computer graphics, the classical
work by Baraff presented an efficient method for computing contact and friction
forces acting on rigid bodies [4]. In the past decade, a number of works have
studied how to combine rigid and deformable bodies [29,19,17,21,39]. In our
work, we use only the rigid degrees of freedom, and deform the skin mesh using
splines, which is used for contact with the environment and itself. Our dynamics
simulator uses the REDMAX formulation by Wang et al. [39]. However, our
positive thigmotaxis approach can be used by any simulator as long as they
support inverse dynamics with contact. Frictional contact [18] is out of scope
of our work, since hagfish possess smooth, water-lubricated skin that effectively
eliminates friction. Finally, some researchers have specifically studied knot tying
[26,9], but their systems cannot be used for knot sliding, which is the focus of
our work.

Neural Control The extreme flexibility exhibited by hagfish represents a neural
control problem that is poorly understood by biologists, although several studies
have begun to investigate several examples. For example, Sumbre et al. presented
a motor primitive of an octopus reaching its arm toward a 3D target point [34].
Motivated by biology, roboticists have worked on designing and controlling soft
robots [30,36,28]. In biomechanics, the standard approach for computing the
control signal of skeletal animals has been to use computed muscle control [35],
and in computer graphics, similar methods have been proposed [33,20]. However,
these methods do not consider knot forming or sliding, which is the primary focus
of our work.

3 Methods

In this section, we first describe our simulation framework (§3.1), followed by
our control strategy for knot forming and sliding (§3.2).
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Fig. 1: The simplified representation of our hagfish model (a), and a zoomed view
of hagfish anatomy (b), where it consists of revolute joints and universal joints.

(a)
Fig. 2: We fixed our hagfish’s head to the wall (a), to match the video (b).

3.1 Simulator

We use 100 rigid bodies and joints, aligned along the X-axis. Although hagfish
are flexible, using rigid bodies is a reasonable approximation, since their carti-
laginous spine is flexible and inextensible. These rigid bodies are connected with
X-revolute joints and YZ-universal joints in an alternating fashion. This allows
us to apply our biometric data on twisting limits on revolute joints and bending
limits on universal joints (Figure 1), which is difficult to do with spherical joints.
These and other parameters of the simulation are obtained from real-world mea-
surements, and are listed in §4.

We use forward Euler integration to advance the rigid bodies in time. When
there are no constraints, we solve the following linear system:

Mq = Mdo+ hf, (1)

where M is the mass matrix, ¢ is the new velocity vector we are solving for,
go is the velocity from the last time step, h is the fixed time step, and f is the
force vector, which includes all internal, external, and Coriolis forces. Once the
velocities are computed, we update the positions as

q=qo+ hq. (2)

During the course of a simulation, we encounter various types of constraints.
Bilateral constraints are used to fix the head to the wall, to match the video.
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(See Figure 2; the head was gently held by a rubber collar in order to facilitate
imaging.) This constraint may be released during the simulation to allow the
head to release from the wall. Unilateral constraints are used for joint limits,
contact with the wall, and self-contact. If there exists only bilateral constraints,
we solve the problem using Karush-Kuhn-Tucker (KKT) system [8]:

EDE-C)

where G is the Jacobian of the constraints, and A is the vector of Langrange
multipliers. If there exist both bilateral and unilateral constraints, we solve the
following quadratic program:

1
minimize Eq'TMq —q" (Mgo + hf)
q

subject to G¢=0, C¢>0,

(4)

where G and C' are the Jacobians of bilateral and unilateral constraints, re-
spectively. Since the constraints are enforced at the velocity level, the system
may drift away from the constraint manifold. To counter this, we stabilize the
positions when necessary [5].

Contact Handling Collision detection and contact handling are important
aspects of this work, given that our work is inspired by positive thigmotaxis.
Collisions can come from either self collisions during knotting, or from the body
hitting the head plate of the tank.

For collision detection, we use a Catmull-Rom spline curve passing through
the center of each rigid body, which represents the cartilaginous spine of the hag-
fish (Figure 3a). We first find two colliding rigid bodies using bounding spheres
around each rigid body. Once colliding spheres are detected, we find the closest
points between these two segments of the spline curve using Newton’s method,
by looking for the zero of the following function:

(1) (o) (1)
100) = ()0t i) )

where ¢; and ¢; are the parameters of the spline curve; z(¢;) and z(¢;) are po-
sitions along the curve; and 2'(t;) and 2/(t;) are derivatives, respectively. Once
these points are computed, we check if the distance between them are shorter
than the sum of the radii at these two points. If so, the contact constraint is
added to the unilateral constraint matrix, C, in Eq. 4.

3.2 Controller

The controller consists of two independent steps: forward dynamics and inverse
dynamics, for knot forming and knot sliding, respectively.
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Fig. 3: Tlustration of overall collision detection process. (a) We represent our
hagfish using spline curve. (b) We find two colliding rigid bodies using bounding
spheres. (c) The exact colliding points of collided rigid bodies are computed
using Newton’s method.

(a) (b) (c)

Fig. 4: Simulation of knot formulation. We closely follow each kinematic steps of
hagfish behavior: (a) body crossover, (b) tail wrap, and (c) tail insertion. The
labeled tangents in (c) are for the thigomotaxis constraints used in knot sliding.

Knot Forming To form the knot, we use forward dynamics with scripted forces.
In order to formulate a knot, we follow the kinematic steps of body crossover,
tail wrap, and tail insertion. For each time step, we apply a sequence of scripted
forces on the terminal body of the hagfish to manipulate the behavior, as shown
in Figure 5. Although torques can be applied as well, we found that linear forces
were enough to produce the initial knot. Forming a knot using a sequence of
scripted forces is time consuming, but fairly easy to achieve. On the other hand,
the same method cannot easily be used for sliding the knot along the body,
which we discuss next.

Knot Sliding There is no intuitive way to apply forces or torques to make the
knot slide. We overcome this difficulty by using a novel contact-based inverse
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Y

Fig. 5: Illustration of knot manipulation. We manipulate the terminal body to
form a knot.

ty

Fig. 6: Hlustration of our contact-based inverse dynamics.

dynamics approach based on positive thigmotaxis, which is the main technical
contribution of this paper.

Once we detect self collisions due to the tail forming the knot, we switch the
controller from forward dynamics to inverse dynamics. In inverse dynamics, we
compute the forces and torques given a specified motion. This can be cast as a
constraint to be applied to the motion [39]. Specifically, for self-collision points,
we require that the projection of the relative velocity between the two contacting
points onto the tangent direction be greater than some value. Mathematically,
this can be written as:

T, .
t, (£a — Tp) > v, (©)

ty (& — £q) > s,

where t, and t, are the unit tangent vectors of the colliding rigid bodies, &,
and &, are the world velocities of the colliding points, and v, and v, are scalar
parameters to control the sliding motion in tangential directions. Figure 6 illus-
trates these quantities. All of these quantities can be computed as functions of
the current generalized positions and velocities, ¢ and ¢ [39]. These constraints
are added to the unilateral constraint matrix in Eq. 4.

In general, there are many self-collisions during a knotting process. We do
not use all of them, as this could lead to an overly constrained problem. Instead,
we sort the collisions by the parametric distance from the head, and apply the
thigmotaxis constraint to only the first and last collisions. These two constraints
with their respective tangents (¢, and ;) are shown in Fig. 4c. We can manipulate
the knot by changing the v, and v, parameters of these two constraints. We use
two substeps. First, we tighten the knot by using different values between the two
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constraints, which shortens the portion of the hagfish tied into the knot. Once
the knot is sufficiently tight, we set the parameters to be the same for both
constraints, which forces the hagfish to slide the knot along its body toward the
head. The parameters used in our simulation are listed in Table 1.

The forces computed by the inverse dynamics solver can be calculated with
the Lagrange multipliers of the quadratic program in Eq. 4. Let A be the vector
of Lagrange multipliers corresponding to the inequality constraints. Let us also
divide the unilateral constraint Jacobian and the Lagrange multiplier into three
parts corresponding to the joint limits, collisions, and thigmotaxis:

Climits Alimits
C= Cvcollision 5 A= >\collision . (7)
Cthigmo Athigmo

Then the inverse dynamics force from positive thigmotaxis can be computed as:

1
fthigmo - E Ot—}rligmo/\thigmo . (8)

4 Results

We implemented our simulation using C++, and ran our experiments on a con-
sumer desktop with an Intel Core i7-7700 CPU 3.6 Ghz and 16 GB of RAM. We
used Eigen for linear algebra computations and Mosek for quadratic programs.

Table 1 lists the biometric data and parameters for inverse dynamics that
were used in our simulation. Figure 7 shows a visual comparison between our
simulation and real hagfish restrained in the tank. Our method is able to simulate
the sliding movement of the knot realistically. The first three pairs of images show
the real and virtual animal form the knot with the tail. During this stage, the

Table 1: Biometric data and inverse dynamics parameters. The specimen was
measured at 20% increments in length; the four values for circumference and
bending limit are for 20%, 40%, 60%, and 80%, respectively, from head to tail.
Intermediate values are linearly interpolated. The twisting limit was measured
for the whole body, and was divided by the number of rigid bodies.

Data Values Units
Length 42.4 cm
Mass 80 g
Circumference 5.6, 5.5, 5.6, 4.3 cm
Bending limit 21, 75, 45, 51 deg
Twisting limit 48 deg
Va, Up (tightening, head) 0.0, 0.0 cm/s
Va, Vs (tightening, tail) 0.5, 2.0 cm/s
Vg, vp (sliding, head) 2.0, 2.0 cm/s
Va, Up (sliding, tail) 2.0, 2.0 cm/s
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Fig. 7: Our result of knotting hagfish with positive thigmotazis. The above row
shows the actual video of hagfish restrained in a tank, and below shows our
simulation.

virtual hagfish is driven using a manually scripted forward dynamics controller.
The next five pairs of images show the animal sliding the knot toward the head.
During this stage, the virtual hagfish is driven using our contact-based inverse
dynamics controller.

Figure 8 shows the plot of force with time and joints during the knot sliding
phase. The three subfigures are the X, Y, and Z torques, respectively. The ver-
tical axis shows the force computed by the inverse dynamics controller. The two
horizontal axes show the time in seconds and the joint number (head = 0, tail =
50).% As is typically the case, the forces produced by inverse dynamics is noisy.
However, we can see some interesting patterns. First, as the knot moves toward
the head over time, the forces acting on joints closer to the tail become zero, as
expected. This is because once the knot has passed over a joint, that joint no
longer needs to be controlled to move the knot. In the graph, this can be seen
as a flat triangular region to the right of each graph. Second, more force is re-
quired when the knot approaches the head. This is because the head is attached
to the plate, and so manipulating the knot requires moving the whole length
of the animal from head to tail. Third, even though the forces rapidly change
along the temporal dimension, the force is smooth along the spatial dimension.
Therefore, it may be possible to represent the control signal using a reduced set
of basis (e.g., the Fourier basis), rather than with a different value for each indi-

#There are 50 revolute joints (z rotation) and 50 universal joints (x and y rotations)
for a total of 100 joints.
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Fig. 8: Sliding force in inverse dynamics in x-axis, y-axis, and z-axis, respectively.

vidual segment. This may be an important clue for how a real hagfish controls
its muscles while sliding the knot.

5 Conclusion

We presented a simulation technique for modeling a knotting hagfish. The sim-
ulator uses real-world biometric data that were collected from hands-on exper-
iments. Our most significant contribution is our successful implementation of
positive thigmotaxis using newly devised contact-based inverse dynamics. This
allowed our hagfish model to slide the knot along the length of its body, which
had not been successfully achieved using existing approaches. We hope that our
work will enable researchers to characterize how hagfish control their bodies and
to further develop better simulators that are biologically informative. Although
the focus of this paper is on biological simulation, the positive thigmotaxis con-
straint may also be applicable to soft-robotics applications [30,36,28].

There are several features we would like to develop as future work. First,
our current framework uses torques directly, rather than using muscle fibers.
Adding contractile muscle fibers and computing the required activations would
be an important next step toward a more biologically accurate simulator. We
suspect that these activations can be represented by a reduced basis, as was the
case with our torque-based simulation. Also, it would be interesting to model the
deformable flesh with continuum mechanics, which would enable us to generate
more accurate contact geometry. Next, we have only tried plain overhand knots
for simplicity. It would be an interesting challenge to formulate other, more
complicated knots that have been observed in nature. Lastly, the initial controller
based on forward dynamics is hand crafted by trial and error. If we can obtain
biologically correct muscular control signals, we would be able to generate much
more realistic motions.
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