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1 Introduction

We present here a sensor that is constructed using off-
the-shelf components and can measure all three components
of the surface traction that is of the order of 10Pa (e.g.,0.1¢g
over 1 cm?), with millimeter spatial and millisecond tempo-
ral resolution. This paper is concerned with the measure-
ment of all three components of spatially distributed surface
forces (called traction), such as would be needed to study
and understand the locomotion biomechanics of terrestrial
animals. Although sensors such as pressure mats are rou-
tinely used in human biomechanics, we presently lack the
technology to measure pressure distributions of lighter ani-
mals of the order of 10-100 g. In addition to the sensor, we
present a rational design methodology to adapt the sensor
for specific size and force scales.

Although pressure mats are not sensitive enough for
light animals, such as mudskippers, multiple load cells may
be used like in [6]. But that significantly limits the spa-
tial resolution. Alternatively, sensors have been developed
based on photoelasticity, which couples optical properties
such as transmissivity or birefringence with elastic strains so
that the tractions may be inferred by imaging the substrate’s
strain field [1, 2, 3]. However, photoelasticity has not found
widespread adoption on account of challenging fabrication
problems and additional issues because the animal often
occludes light transmission in precisely the regions where
force needs to be measured. Traction force microscopy
(TFM) is another promising technology that measures elas-
tic strains in the substrate using scanning microscopy [4].
It is widely adopted in cellular-scale measurements but is
not suitable for animals where 1-100 ms temporal resolu-
tion is important. Our technique is inspired by these past
approaches. Instead of bulk strain fields, we image the de-
formation of a thin elastic substrate and back-calculate the
applied tractions by inverting an appropriate asymptotic ver-
sion of the elasticity equations (Figure 1).

2 Theoretical foundation

Using a tensed thin sheet as the substrate, which behaves
like a membrane rather than an elastic shell, the normal trac-
tion component ¢ is directly proportional to the deformed
curvature when pre-stress dominates the behavior [5],
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Figure 1: Proposed force measurement technique. a, The ap-
proach aims at measuring the in-vivo force distribution
g(x,y) on terrestrial small animals. b, A pre-stretched
thin substrate deforms to yield normal displacements
w(x,y). ¢, The normal forces g(x,y) are estimated us-
ing the pre-tension 7 and measured w(x,y).

where ¢ is the normal traction, x,y are in-plane coordinates,
T is the pre-tension, w is the normal membrane deflection,
V2 denotes the second covariant derivative, and the portion
after the comma denotes partial derivatives.

The tangential tractions p, and py, can also be inferred
from the measured deformation using membrane elasticity:

Px(%,y) = = (C1 +C2) ty xx — Crty yy + oty
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where u, and u, are in-plane deformation components. Cj
and C, are material properties. The three constants, T, Cj,
and G, could either be specified by material and tension
choice or estimated through a calibration using known loads.

3 Numerical validation using truth tests

We assessed the effectiveness of our approach using sim-
ulation studies. In a truth test (Figure 2), a circular elas-
tic sheet under tension was loaded on a region resembling
a curved fin to simulate normal and shear components ob-
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Figure 2: Numerical validation. a, Millinewton level forces, py,
Py, and g, were uniformly applied in an irregular *C’
shaped region on a pre-stretched PTFE sheet, causing a
0.3 mm indentation. b, The proposed technique accu-
rately identified the loading area and magnitudes.

served in mudskipper fins during locomotion [6]. The de-
flection profile was simulated using Finite Element Analy-
sis (Abaqus, S3R elements) and perturbed with 5% synthetic
uniform noise to capture imaging uncertainty. Force estima-
tion employed Eqgs. (1) to (3) and numerical differentiation
to approximate displacement derivatives. The contact region
was accurately found and the RMS estimation error was al-
ways less than 10%.

4 Design criteria and boundary effects

There are two aspects to the design. The first is to factor
in operational requirements for the sensor such as sensitiv-
ity, material strength, and so on. The second is to identify
criteria where the boundary effects may be neglected. The
design criteria are (Figure 3): (1) the pre-tension T should
be below a threshold to not tear the material, (2) the elastic
wave should be much faster than the fastest animal move-
ment, (3) the membrane’s elastic stress should be negligible
compared to the pre-tension induced stress, (4) the deflec-
tion due to the lightest detectable point-load Py, should ex-
ceed the imaging capabilities wpiy, (5) the spatial resolution
should exceed dp;, for discriminating two point-loads Py,
and (6) the maximum deflection under a specified load Prpax
should be below some threshold wy,x to not affect the an-
imal’s behavior. For a membrane of radius R, thickness A,
and made of material with Young’s modulus E and Poisson’s
ratio v, the three dimensionless design parameters are the

. . A 12(1=vA)T
membrane radius R = R/h, thickness & = h/—=-—%——, and

pre-tension 7' =T/ 271:51“, . The boundary effects are defined

in terms of the length scale ¢ = /D/T for pre-tension T,
and membrane bending stiffness D = Eh’/12 (1 - vz). The
accuracy is above 95% if the measurement region is at least
3¢ away from the boundary. For our chosen design (Figure
3), £ ~ 0.3 mm, for a sensor that is 330 mm in diameter.

5 Experimental realization

We built a custom optical force apparatus to measure the
spatial force distribution with millimeter spatial resolution,
millisecond time resolution, and millinewton point-load de-
tection ability by applying the design methodology. The ex-
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Figure 3: Design criteria for user needs. Six criteria define the
available normalized parameter space of thickness 0
and pre-tension (T') as the membrane radius exceeds
10*. Insets, analytical models for each design criterion.

perimental realization uses a store bought PTFE membrane
(star in Figure 3), a supporting frame for pre-tension con-
trol, and a non-contact 3D Digital Image Correlation system
(Correlated Solutions, Inc.) with two high-speed cameras
(AX100, Photron, Inc.) to capture the dynamic 3D defor-
mation profile of the membrane during animal locomotion.

A 25.4-micrometers-thick PTFE shim stock (McMaster-
Carr: catalog #1192N35) fits the design criteria for a mem-
brane that is 330 mm in diameter. When pre-stretched at
15 N /m, the setup satisfies all the design criteria, with mud-
skipper locomotion in mind, and achieves sub-millimeter
spatial resolution with millisecond time capability while still
satisfying the quasi-static assumption of the equations.

Although our specific realization targets mudskippers,
the proposed force apparatus applied more broadly through
the use of the design tool that we have developed.
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