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Abstract

Hagfish slime is a unique biological material composed of mucus and protein threads that
rapidly deploy into a cohesive network when deployed in seawater. The forces involved in
thread deployment and interactions among mucus and threads are key to understanding how
hagfish slime rapidly assembles into a cohesive, functional network. Despite extensive interest
in its biophysical properties, the mechanical forces governing thread deployment and inter-
action remain poorly quantified. Here, we present the first direct in situ measurements of
the micromechanical forces involved in hagfish slime formation, including mucus mechanical
properties, skein peeling force, thread—mucus adhesion, and thread—thread cohesion. Using a
custom glass-rod force sensing system, we show that thread deployment initiates when peeling
forces exceed a threshold of approximately 6.8 nN. To understand the flow strength required for
unraveling, we used a rheo-optic setup to impose controlled shear flow, enabling us to directly
observe unraveling dynamics and determine the critical shear rate for unraveling of the skeins,
which we then interpreted using an updated peeling-based force balance model. Our results
reveal that thread—mucus adhesion dominates over thread—thread adhesion and that deployed
threads contribute minimally to bulk shear rheology at constant flow rate. These findings clar-
ify the physics underlying the rapid, flow-triggered assembly of hagfish slime and inform future
designs of synthetic deployable fiber—gel systems.



1 Introduction

Hagfish slime is a remarkable biological material that consists primarily of two distinct
components (Figure la): mucus produced by specialized gland mucous cells, and fibrous
protein threads produced by gland thread cells (GTC) [1]-{10]. The basic properties of
hagfish slime include its exceptional volumetric expansion ratio, capable of expanding rapidly
up to approximately 10,000 times its original volume upon contact with seawater, forming
one of the most dilute hydrogels known [3], [6], [9], [L11]-[16]. This extreme dilution, combined
with its cohesive and elastic nature, makes hagfish slime particularly intriguing from both
biological and engineering perspectives [8], [17]-[19]. The properties of particular interest
include the strength and stiffness of individual protein threads (approximately 180 MPa
strength and 6.4 MPa stiffness), along with the ultra-soft elasticity of the slime network
(linear elastic shear modulus of about 0.02 Pa) [8], [13]. When attacked by predators,
hagfish slime deployment occurs rapidly, typically within less than 400 milliseconds [7], [14],
[19]. Hagfish GTCs employ a unique biological packing strategy wherein the threads are
meticulously coiled into highly organized conical loop arrangements within the cytoplasm of
the cell [6], [20]. Upon ejection, these coiled threads swiftly unravel and interact with mucin
vesicles and seawater, forming the cohesive, mucus-like network (Figure la and Figure S1)
[14], [17], |21].

Whether fluid flow can generate sufficient force to overcome the resistance to thread un-
raveling and drive the rapid deployment of hagfish slime has been the focus of extensive
research aimed at elucidating the underlying mechanics of unraveling [10], [14], [21], [22].
Historically, Newby (1946) proposed an osmotic or explosive release mechanism [23]; how-
ever, this hypothesis has since been experimentally disproven. More recent studies, including
Winegard et al. (2010), emphasized that vigorous mixing with mucus is critical for initi-
ating thread deployment [5|. Although spontaneous unraveling of skeins has been reported
[10], [24], these studies do not fully explain the exceptionally rapid sub-second timescale of
deployment.

A recent study by Chaudhary et al. (2019) introduced a quantitative theoretical frame-
work based on a force balance between the fluid drag force pulling on the thread and the
peeling force resisting thread release [14]. This competition is captured by the dimensionless
peeling number, } = Fgrag=Fpeer. When the fluid drag surpasses the resisting peeling force
(} > 1), unraveling proceeds rapidly, approaching a kinematic limit where the surrounding
flow directly advects the thread.

To date, experimental measurements of peeling force values have been lacking, introduc-

ing significant uncertainty into the unraveling model. Precise knowledge of these forces in



situ would greatly enhance model validation. Furthermore, while previous work has focused
on bulk deployment dynamics or spontaneous unraveling, little is known about the specific
mechanical resistance that threads encounter during the transition from skeins to a fibrous
network. These forms of resistance include the peeling force required to unravel threads from
the skein (potentially arising from the biological glue holding the skeins) and adhesion forces
among threads, both of which slow down the unraveling (Figure 1b). Moreover, adhesive
interactions with the surrounding mucus and its rheology may modulate how closely thread
motion follows the local flow. Strong thread-mucus adhesion may promote advection with
the surrounding flow, while a stiff mucus network can compromise the softness of the result-
ing slime network. Quantifying these forces can guide the understanding of the critical flow
strength to initiate unraveling (Figure 1b).

To address this, we report for the first time direct experimental measurements of the in
situ mechanical forces governing hagfish slime deployment, including the mechanical prop-
erties of mucus, the peeling force of hagfish threads, thread—mucus adhesion, thread—thread
adhesion, and critical flow strength for unraveling. Using a custom-designed glass rod appa-
ratus, we selectively attached to individual threads or mucus regions within the exudate and
applied controlled separation speeds to quantify these forces (Figure 1c). We hypothesize
that an adhesive mechanism maintains skein integrity and that successful unraveling requires
overcoming this adhesive resistance. Our measurements show an initial force required to de-
tach a thread from the skein, which decreases as additional thread is pulled, producing a
characteristic sawtooth force—extension profile. This suggests that thread deployment in-
volves overcoming localized mechanical barriers, possibly due to adhesive contacts or coiling
architecture within the skein. We find that thread—thread adhesion forces are comparatively
negligible and unlikely to impede unraveling, while thread—mucus adhesion forces are sub-
stantially higher than the peeling force, indicating that mucus may play a dominant role in
transmitting unraveling forces. Additionally, the mucus network exhibits a high extensional
strain-to-break, enabling large deformations that likely help maintain the extreme softness
and extensibility of the fully formed slime.

To understand the flow strength required for unraveling, we used a rheo-optic setup to
impose controlled shear flow on bulk skeins with mucin vesicles (Figure 1d) surrounded by
aqueous buffer solution with viscosity, 3 mPa.s. This approach enabled us to directly
observe unraveling dynamics and determine the critical shear rate for unraveling of the
skeins, which we then interpreted using an updated peeling-based force balance model. We
observed that skein unraveling consistently occurred in simple shear flow at shear rates
between 25 and 100 s ! (shear stresses 0.08 Pa to 0.3 Pa). By incorporating our in situ

peeling force measurements into a previously proposed unraveling model [14], we predicted a
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Figure 1: Underlying physics of hagfish thread unraveling and interactions. (a) Optical
image and schematic of hagfish exudate showing thread skeins (arrows), mucin vesicles (ar-
rowheads), and inset of thread in its initial conical loop arrangement (height of the skein
is 120 m) (adapted from [3|, [22], [25]); alongside an image of hagfish slime formed by
mixing exudate with seawater. A schematic below illustrates the components involved in
slime formation, where hydrodynamic forces from the surrounding flow contribute to skein
unraveling and network formation. The resulting threads, together with mucus, form a co-
hesive network that entrains a large volume of water. (b) Schematic overview of the key
mechanical interactions investigated in this study: (from top to bottom) mucus mechanical
properties, skein peeling force, thread—mucus adhesion, and thread—thread cohesion. These
factors collectively determine the critical flow strength required for slime deployment. (c)
Micromechanical measurement setup using a glass rod actuated by a micromanipulator to
apply linear motion and quantify the deflection to estimate the forces involved. (d) Parallel-
plate rotational rheometer setup used to impose controlled shear flows with optical access
to evaluate skein unraveling behavior under defined flow conditions.

1 in reasonable agreement with experimental shear

critical strain rate of approximately 18 s
flow results. Bulk skeins in the absence of a mucus network also unraveled at approximately
the same critical flow strength, indicating that the presence of mucus is not necessary to
initiate deployment. Furthermore, trapping a skein in the stagnation plane of counter-
rotating plates did not reduce the unraveling threshold, suggesting that free skeins do not
unravel more easily than pinned ones. These results confirm that hydrodynamic forces alone

are sufficient to trigger thread deployment.
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Figure 2: Mechanical characterization of hagfish slime mucus. (a) Schematic of the experi-
mental procedure to generate mucus from hydrated exudate and apply a lateral deformation
using a calibrated glass beam to assess the mechanical response. (b) Details of the ex-
perimental setup: An inverted microscope (2) with a high-speed video camera (3) enables
imaging. A micromanipulator (1) holds the glass force-sensing rod, and a second micro-
manipulator (4) delivers artificial seawater via micropipette. The Petri dish (5) containing
the exudate is positioned beneath the rod mounted on an aluminum holder (6), sample
dish (7), and the water infusion nozzle (8). During testing, the glass rod (9) engages the
mucus edge (10), hydrated via nozzle (11), and is displaced at a constant speed to induce
deformation. (c) Force-displacement profiles from individual trials showing peak load and
extensibility. (d) Converted engineering stress—strain curves reveal high extensibility; the
inset shows schematics of the initial and stretched geometry of the mucus mass (see Table
S1 for details). (e) Zoomed-in view of the small-strain region from panel (d) to measure the
linear modulus across trials.

2 Methods

2.1 Animal care and slime gland exudate collection

Pacific hagfish (Eptatretus stoutii) were collected from Monterey Bay (Chapman University).
Animals were anesthetized with clove oil (150-200 mg/L) in 34% artificial seawater (ASW),
and slime exudate was collected using mild electrical stimulation (60 Hz, 1 ms, 18 V) as
described in [22], [26]. The exudate, containing undeployed mucous vesicles and thread
skeins, was collected with a Teflon-coated spatula and stored at 5°C in stabilization buffer

(0.55 M sodium citrate) [27]. This buffer maintains skeins and vesicles in a condensed



state, with seawater dilution triggering unraveling. Hagfish were returned to ASW after
recovery. Mucus-only and thread-only samples were prepared by filtering the stabilized
exudate through 40 pm cell strainers, which retain skeins and exclude mucous vesicles and

were typically used for testing within two days of collection.

2.2 Micromanipulator setup

To characterize the mechanical properties of hagfish slime mucus, skein peeling force, thread-mucus
adhesion, and thread-thread adhesion under near-native conditions, we employed a custom-
built glass beam mechanical testing system integrated with an inverted microscope and
micromanipulator. Typically, the setup included a high-speed video camera for motion
tracking, a syringe pump to infuse artificial seawater through a micropipette nozzle, and a
micromanipulator holding a calibrated glass rod affixed to an aluminum rod using epoxy.
Controlled displacement of the rod at 100 m/s induced deformation in the subject, result-
ing in measurable bending of the glass rod unless otherwise mentioned. This bending was
recorded with the high-speed camera and analyzed using the DLTdv8 MATLAB tracking
tool to calculate the applied force from beam bending theory. A more detailed description
of the experimental setup, as well as the corresponding results, is provided in the results

section.

2.3 Flow setup

A MCR702 Twin Drive Rheometer was used (Anton Paar GmbH) to apply controlled shear
flow conditions for unraveling experiments. A standard 43 mm diameter glass parallel plate
was mounted to the upper and lower geometry to enable optical access during testing. The
setup was integrated with a microscopy system, allowing simultaneous mechanical measure-

ments and high-resolution visualization of skein deformation and unraveling dynamics under
shear [28].

3 Results

3.1 Mechanical properties of mucus mass

To characterize the mechanical properties of hagfish slime mucus, the custom glass beam
micromechanical testing system was employed, as illustrated in Figure 2a. Freshly collected
mucous vesicles and skeins from hagfish slime glands were deposited in a Petri dish and

hydrated in situ by infusing artificial seawater through a micropipette. Upon hydration,






