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Abstract—Materials are traditionally tested either by impos-
ing controlled displacements and measuring the corresponding
forces, or by imposing controlled forces. The first of these
approaches is more common because it is straightforward to
control the displacements of a stiff apparatus and, if the material
suddenly fails, little energy is released. However, when testing
gecko-inspired adhesives, an applied force paradigm is closer
to how the adhesives are loaded in practice. Moreover, we
demonstrate that the controlled displacement paradigm can lead
to artifacts in the assumed behavior unless the imposed loading
trajectory precisely matches the deflections that would occur in
applications. We present the design of a controlled-force system
and protocol for testing directional gecko-inspired adhesives and
show that results obtained with it are in some cases substantially
different from those with controlled-displacement testing. An
advantage of the controlled-force testing approach is that it
allows accurate generation of adhesive limit curves without prior
knowledge of the expected behavior of the material or the loading
details associated with practical applications.

Index Terms—gecko-inspired adhesives, microstructures, ma-
terials, testing.

I. INTRODUCTION

HE last 20 years have seen considerable interest in

bioinspired dry adhesives, based on discoveries regarding
the adhesive system of the gecko and some arthropods [1]-
[4]. Desirable properties of such adhesives are that they leave
no residue when detached, are reusable for many cycles,
and can be controllable—not sticky in their default state but
providing useful levels of adhesion or friction when loaded
appropriately. Synthetic adhesives have been created with a
range of properties. Some require a relatively high preload to
make initial contact but then provide high levels of adhesion
and friction. These adhesives also require substantial effort to
detach or peel for removal [5]-[7]. Others require essentially
no normal force to engage with a surface, but adhere and
release in response to the magnitude of an applied shear
force [8], [9]. Recent reviews include [10]-[17].

The variety of gecko-inspired adhesives has found a similar
variety of applications, from robotic and human climbing [18]-
[21], to grasping fragile objects [22], [23], to attaching sen-
sors [24]. Each of these applications may impose different
requirements but they all benefit from metrics and a testing
protocol that reliably predicts performance under a range of
conditions.

The predominant method of gathering the data used to
evaluate adhesives and to design systems that exploit them is
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to contact the adhesive to a test surface, apply a displacement,
and measure the resulting force. While this displacement-
controlled method is common in materials testing (e.g. [25]),
in the case of gecko-inspired adhesives it can lead to a mis-
match between the testing methodology and the in-use loading
state. As gecko-inspired adhesives depend on the geometry of
the microstructure for their adhesive properties, the particular
deformations of the structure as it is loaded can significantly
affect adhesion. Performing testing in displacement-controlled
conditions can impose geometric deformations that would not
be seen in applications, resulting in a mismatch. While it is
certainly possible for gecko-inspired adhesives to have force
capabilities that depend on geometric deformations—indeed,
the gecko itself requires shear motion to fully engage the
adhesive [26]—it is important that the testing methodology
does not introduce additional deformations that are due only to
the testing method. In this paper, we show that for directional
gecko-inspired adhesives, displacement-controlled testing in-
troduces such effects, which can lead to incorrect predictions
about adhesive behavior. While in some cases this mismatch
between test and use can be unimportant, or masked by non-
ideal loading of the adhesive, we show that for at least one
case of a directional adhesive, the mismatch predicts a lack of
adhesion for some conditions under which significant adhesion
is available.

In the following sections we discuss the aspects of test
methodology that affect the mapping between measured and
real-world performance. We present a new test apparatus and
testing protocol that improve on commonly used methods, and
present data comparing measurements obtained by varying the
test control variable and path.

We show that testing gecko-inspired adhesives under force-
controlled rather than displacement-controlled conditions re-
duces added path dependence, tests the material under con-
ditions relevant to practical applications, and yields data that
can be used with confidence when designing systems which
employ these adhesives under a variety of expected conditions.

II. BACKGROUND

A variety of techniques have been used to characterize
gecko-inspired adhesives, many of which are discussed in [17].
Tests can be performed on very small samples (e.g. a single
setal stalk [27]) or on large samples that are built into a system
(e.g. [7], [28]-[31]). Often, system tests are conducted on
adhesives that have already been characterized at a small scale
in bench-top tests. For all such tests, there are some basic
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distinctions that determine how directly the test conditions
and data reflect loading in applications. These distinctions are
summarized in Table I for several reported studies measuring
adhesive strength. We discuss these in more detail below.

A. Force-Controlled vs Displacement-Controlled Testing

Adhesive characterization typically has the supported con-
tact stress as the measure of interest, which in general has
both normal and shear components.

Using a displacement-controlled testing method to deter-
mine the supported contact stress has several advantages. Since
the system is stiff, measurements are highly repeatable, and the
released energy at failure is well contained. This approach also
offers precise control over strain rates, which is key for thor-
oughly characterizing the response of viscoelastic materials.
Together, these make displacement-space testing an excellent
option for developing small-scale theories of adhesion, where
the two adherends are of simple, well understood geometry,
such as for Hertzian contacts or simple film peeling.

However, when wusing gecko-inspired adhesives in
applications—such as climbing robots or manipulation with
adhesion—in nearly all cases the adhesive has forces applied
to it, and not constrained displacements. Further, while many
of the adhesives reported in the literature broadly correspond
to well-understood geometries (e.g. flat punch or peeling
models), they are loaded in more complex ways. Since
gecko-inspired adhesives derive their properties directly from
the microscopic surface features, and particularly from the
behavior of these features (e.g. as they bend and flatten)
when the adhesive is loaded, the deformation under load
significantly affects the adhesion properties. This deformation
is what gives the gecko its highly directional adhesion
and is similarly responsible for the anisotropic behavior of
many synthetic bioinspired adhesives. Even for adhesives
not designed to be anisotropic, off-axis loading will cause
deformation of the structure which may affect adhesion in
ways that are hard to predict.

Despite these complexities of microscopic behavior, a com-
mon method of testing areas of gecko adhesive to predict
performance in applications is use a stiff motion stage that
applies controlled displacements to bring an adhesive into
contact with a test surface and then pulls until adhesive failure
is observed. While this has the benefit of being constrained
and highly repeatable, it does not reflect real-world loading
conditions, potentially leading to systematic errors when in-
terpreting results. In particular, when using this testing method,
the motion of the microscopic features is not governed by the
geometry of the microstructure, but is imposed by the motion
of the much stiffer motion stage. This leads to a significant
effect of loading trajectory on the measured adhesion [52]. As
a simple example, for the gecko, any trajectory that does not
pull the setal stalks to align the spatular tips with a surface
will record a low adhesion force [26].

In some cases, the displacement trajectory can be selected
to approximate the unconstrained motion of the adhesive
structure in a use case, but this may not be known in advance.

A second source of variation is force sensing. While many
studies use a very stiff force sensor (e.g. [32], [33]), others use

single or dual-axis cantilevers with comparatively low stiffness
in comparison to a positioning stage [1], [27], [38], [41], [47],
[48], [53]. While not all publications specify the cantilever
stiffness, those that do often employ cantilevers that are stiffer
than the adhesive itself, so that adhesive behavior remains
dependent on the applied displacement trajectory. Where the
force sensor is soft, one needs to consider the combined
deflections of the adhesive and force sensor.

Displacement-controlled testing has a further disadvantage
in the case of any microstructured adhesive that is loaded
such that the macroscopic behavior arises from a sequence
of deformation and engagement at the microscopic level. The
most common case to date is that of adhesives designed to
be highly anisotropic [54]. In cases of microstructures like
this, approximating the unconstrained motion of the adhesive
structure with an appropriate displacement trajectory becomes
difficult without already having a high-fidelity model of the
adhesive behavior. In particular, as seen in Section IV, for
adhesives that can produce a substantial shear force when
the normal force is essentially zero, a displacement-controlled
trajectory has difficulty producing this condition.

Force-controlled testing avoids the foregoing difficulties by
aligning test conditions to those typically encountered in use
cases. This approach allows for repeatable, robust testing of
adhesives without prior knowledge of the expected adhesive
behavior. A common method is to employ a small patch of
adhesive and use weights or a force scale to apply shear
and/or normal loads [17]. Manual force application can also
be extended to measuring full limit surfaces for an adhesive
patch [55] as well as to measuring frictional forces by applying
a weight to define a positive normal force [43], [54]. While
manual loading avoids the issues of displacement-controlled
testing, it is typically slow and the recorded data are limited
to the forces associated with failure, making it difficult to
estimate the work of adhesion or adhesive stiffness. Manual
load application can also produce greater variation in the
details of force direction and alignment, resulting in greater
variability in recorded data.

Development of an automated force-controlled test appara-
tus can retain the benefits of force testing while improving data
quality and ease of adhesive characterization. Ruffatto et al.
have developed force-controlled test fixtures using pneumatics
to apply controlled forces, including an apparatus to perform
tests at specific angles on adhesives [36], and a uniaxial
test apparatus to test adhesives in shear [46]. Although these
investigations employ testing with applied forces, they do
not present a generic force-controlled testing approach that
spans the full range of possible loading conditions. The result
of such an approach is a limit curve, which indicates all
combinations of normal and shear stress that the adhesive
stress can support, allowing us to understand the full range
of possible applications.

B. Alignment

Alignment is an important issue when testing adhesives that
rely on van der Waals forces, which require intimate contact
with a surface. Gecko-inspired adhesives typically have fea-
tures on the order of 100 um or smaller, making alignment to
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Tested Material Directions

Protocol Examples

Natural Gecko

Biaxial
Uniaxial: normal
Synthetic Nondirectional

Uniaxial: normal
Biaxial: normal & shear
Synthetic Directional

Uniaxial: normal; full gripper
Biaxial: range of angles; full gripper
Biaxial: normal & shear; full gripper

Biaxial: range of angles
Biaxial: range of angles
Uniaxial: shear
Uniaxial: shear
Biaxial: normal & shear

Displacement Control  [27], [32]
Displacement Control  [1]

Displacement Control  [7], [33], [34]

Displacement Control  [35]
Displacement Control  [28], [29]
Displacement Control  [30]
Displacement Control  [31]
Force Control [36], [37]
Displacement Control  [38]-[40]
Displacement Control ~ [41]-[45]
Force Control [46]
Displacement Control  [47]-[51]

TABLE I
COMPARISON OF TESTING METHODS REPORTED IN THE LITERATURE

within a few micrometers important for accurate results. For
testing of adhesives, there have been two general approaches
used in the literature: using a gently curved test surface, and
using a flat surface with an adjustment mechanism.

When using a curved surface, typically a section of a
sphere is employed, permitting misalignments of a few degrees
without change in overall contact conditions. This setup is
used by [34], [39], [44], [49], [50], [53] among others. The
insensitivity to alignment simplifies setup and lends itself to
an automated battery of tests, but introduces a nonuniform
pressure across the adhesive. The nonuniform pressure makes
it difficult to extract an “ideal” limit curve, so while data from
curved test surfaces is useful for comparative studies, it is less
useful for the design and engineering of grippers and other
applications that employ adhesives over finite flat areas.

Testing against flat surfaces makes sample alignment more
challenging but makes extraction of a limit curve in terms of
pressure relatively easy. Previous approaches have included
passive compliant approaches [35], [40], [45], [46], and preci-
sion rotation stages to perform sample alignment [8], [9], [41],
[48], [51], [56]. The resulting limit curve represents an upper
bound limit on adhesive performance, and is a starting point
for analyzing more complex loading geometries [55], [57].

C. Test Trajectory

For displacement-controlled tests, there are two test
paradigms commonly presented in the literature: load-pull and
load-drag-pull tests (Fig. 1). While the loading trajectory is
relevant for both force and displacement control, published
measurements with force controlled loading to date have been
primarily manual measurements [17], [37], [55], so although
all follow some variation of preload and load application
methods, the trajectory is not tightly controlled and is not
typically described in terms of the load-pull vs. load-drag-
pull nomenclature. Some are more clearly analogous to load-
drag-pull trajectories [43], [54], but only measure frictional
effects. Force controlled test equipment to date has likewise
been uniaxial [46] and does not neatly align with the above
dichotomy.

epull
e
O
Load-Pull Load-Drag-Pull

Fig. 1. Tllustration of load-pull and load-drag-pull trajectories. Both trajec-
tories load the sample into the test surface along the normal direction (black
arrow), possibly producing some preload. In the case of the load-pull test,
the sample is then pulled away at an angle 6,11, while for the load-drag-
pull test the sample is displaced in shear by d4;ag before being pulled away
in the normal direction. In both tests, the sample may be loaded along an
angle 04,4, while being pulled away at an angle 6,11, (gray). All angles are
measured with respect to vertical, clockwise positive.

The load-drag-pull is more common in the adhesion litera-
ture [17], [39], and involves bringing the sample into contact
along the direction normal to the surface, to a fixed preload
depth. This preload depth is either selected in relation to the
scale of the wedge features or is selected to correspond to
a particular preload pressure. Then, maintaining a constant
spacing from the surface, the sample is moved in pure shear
to some displacement. The sample is then pulled away from
the test surface and the maximum tensile adhesive pressure is
recorded.

The load-pull test follows an identical loading trajectory,
but then pulls the sample away from the surface at an angle
Opun from vertical without a drag phase.

In general, either of these trajectories may vary both the
approach and retraction angles, as in [52], as well as the
pulling direction in the contact plane, as in [23], [39].

Both test trajectories can easily be adapted to force con-
trolled testing by applying a pure normal force, then applying
a force trajectory—either shear and then normal force, or a
combined force directly. In both cases, the relative displace-
ment between the adhesive and the surface is not controlled
but allowed to vary; only the resultant force on the adhesive is
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controlled. We assume that all forces inside the limit curve are
stable, so in the case of force-space testing the results from
these two test methods should not be substantially different
for quasistatic loading rates.

D. Pull-off Measure

When inspecting a measured force trace, there are multiple
methods for determining the failure point. Three that have been
used previously are the maximum normal force, maximum
force magnitude, and maximum power criteria [56]. We let
f(t) = o4(t)i + ou(t)k be the adhesive stress on the test
surface, and let r(¢) be the xzz-position of the adhesive with
respect to the test stage. The pulloff measures are then given
by:

Maximum normal: Failure occurs at ¢ = argmax, oy,.
Maximum magnitude: Failure occurs at t = argmax, ||f]|.
Maximum power: Failure occurs at ¢ = argmax, f - %.

This last method was shown to provide the best results
in displacement controlled load-pull tests [56], as when con-
trolling displacement there may be substantial forces not
aligned with the pull-off direction. Ideally, the maximum
power method should be used for all displacement controlled
testing to account for the fact that the force may be misaligned
with the direction of motion. In the particular case of load-
drag-pull testing with 6,1 = 0, while the maximum normal
force criterion is typically used in the literature, as long as
the contact interface does not slip during the drag phase
and there is some normal adhesion, we can simplify to
f(t) ~ Ci + o,(t)k for some constant C. Since the motion
during pull g—‘; = Dk, power is maximized when normal
stress is maximized, making these methods approximately
equivalent. When conducting force controlled testing, the
relative motion between the sample and the surface can be hard
to know; however, the relative motion is unconstrained, so for
quasistatic loading there will be negligible force orthogonal to
the direction of applied force. This implies that at the instant of
failure, f is aligned with %, and thus the maximum magnitude
method can be used, as it is equivalent to the maximum power
method. In the case of uniaxial testing for normal performance,
all definitions are equivalent.

III. TEST APPARATUS DESIGN

Force controlled testing with a flat-on-flat contact is suitable
for measuring adhesive performance in a way that corresponds
to performance in real-world situations, for example when
using an adhesive on flat tiles or film subsrates. However, the
predominant approach—namely, testing systems or small sam-
ples by manual application of forces—introduces variability in
the adhesive loading. Additional factors that make it difficult
to generalize the results include the adhesive backing layer
stiffness and force alignment with the adhesive area.

To address the limitations of displacement-based testing and
manual force-based testing (e.g. load path dependence and
sensitivity to loading conditions) we developed a dedicated
apparatus for direct force-based testing. By designing this sys-
tem to be (i) highly stiff in rotational directions but compliant
in the translational directions, and (ii) nearly without friction

or backlash, the adhesives can be loaded in a highly repeatable
manner, producing a force-based adhesive limit surface. This
curve can then be adapted to specific applications taking into
account the variations in loading conditions present in the
application.

A. Architecture

In order to leverage existing displacement controlled testing
methods, we choose a series-elastic set of two linear actuators,
as illustrated in Fig. 2. The system consists of two linear axes,
one to move the test surface in each of the = and z directions
with respect to the sample. This is achieved by changing the
control positions z. and z.. Once the adhesive is moved into
contact with the surface, the output positions z, and z, are
nearly constant, to within the characteristic length scale of the
adhesive. This results in normal and shear forces applied to
the sample through the springs kx and k,.

There are a few critical considerations for such a system.
First, as the forces are generated by a series-elastic element,
they are not truly constant, but change as the control and
output positions change in response to applied forces. The
force output resolution is set by the ability to control z, z. and
the spring constants k., k,—higher position control resolution
and lower spring constants both increase force resolution. The
error force is determined by the change in z,,z, due to
deflection of the adhesive structure; to achieve quasiconstant
force, the axis spring constants must be selected low enough
for these deflections to result in small forces. Error forces are
also created by any friction in the stages, so friction must be
minimized. Second, the stage masses m, and m, should not
be excessive. A mitigating factor is that once the adhesive is in
contact, the stages only move by small amounts in the inertial
frame. Any rearrangement of the relative configuration of the
stages, test surface, and adhesive for fabrication or packaging
reasons should preserve this property.

B. Specifications

We designed the apparatus to test patches of adhesive up
to 8mm square with up to 100kPa pulloff stress in any
direction; adhesives with higher limit stresses can be tested
using smaller samples. This sample size is selected to be
large enough to test adhesive samples with variations over
scales much larger than the microscopic feature length. The
maximum force is taken to be approximately the maximum
force we have tested for PDMS (Sylgard 170, Dow Corning)
contact on glass [55], [58]. We assume that the characteristic
length scale for motion of the adhesive microstructures is
100 um, which corresponds to the approximate fibril length
used in a variety of adhesives [8], [41], [49]. We further
assume that the apparatus only needs to support quasistatic
testing, so a moderate system inertia is acceptable. We set a
desired maximum error of 1% of full scale, i.e. 1kPa. For a
sample of the maximum size, the target error corresponds to
a force of 64 mN, which sets an upper bound on allowable
friction in the axes.
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Fig. 2. Schematic of the force-controlled testing system architecture. The
adhesive is moved in the x and z directions with respect to the test surface
by controlling the stage positions z. and z;. Once in contact, the output
positions z, and z, are nearly constant, to within the characteristic length
scale of the adhesive. This results in normal and shear forces applied to the
sample through the springs kx and k.

C. Implementation

For minimizing friction and maintaining high off-axis stiff-
ness, we selected linear air bearings to support the stages. As
these are non-contact, friction is eliminated entirely, leaving
only inertia to affect the motion of the adhesive microstruc-
tures. At sufficiently low speeds, this effect is negligible.

The stages were stacked, both supporting the test surface;
alignment stages were added to the adhesive, as well as the
force sensor. The resulting configuration is shown in Fig. 3.
The system is then installed in a CNC machine such that the
sample fixture remains fixed in the inertial frame, while the
entire crossed-stage assembly is moved into contact with it,
reducing required acceleration of the components during a test.

The resulting system meets the performance requirements
in the preceding section, and was used to measure limit curve
data for a set of representative adhesive materials. See the
supplementary information for more details on specific com-
ponent selection, sizing, and characterization of the fabricated
apparatus.

IV. RESULTS

We present data measured on flat contacts, as well as
on two representative adhesive materials, shown in Fig. 4.
For each material, we perform detailed tests in displacement
controlled and force controlled modes, using a load-pull trajec-
tory. Force controlled tests are performed with the compliant
stage detailed in Section III and Fig. 3, and thus do not
globally constrain the relative motion between the sample and
the test surface. Displacement controlled tests are performed

with the sample held in the same fixture, but tested against
a separate, rigid test surface, such that the relative motion
in x and z is constrained to that of the motion stage (see
Fig. 2 in the supplementary information). We also provide
comparisons with tests conducted in both modes using load-
drag-pull trajectories.

All tests were performed with preload trajectories normal
to the surface, with 6y,,q4 = 0° as defined according to Fig. 1.
See the methods section for details of specific pulloff angles
and trajectories used in each test.

We take the z axis to be normal to and away from the adhe-
sive surface, and the x axis in the preferred direction, where
applicable. We use the coefficient of adhesion to compare
applied preload force required in each test method. For more
details on test metrics, see the supplementary information.

A. Flat PDMS

As a basic validation that our test methods give reason-
able results without the added variable of adhesive geometry
effects, we took measurements on a flat sample of silicone
(Sylgard 170, Dow Corning) contacting the flat glass test
surface (see Fig. 5). All limit surfaces are load-pull trajectories,
as a drag-displacement is not expected to affect flat contact
measurements but is expected to introduce test artifacts.

As seen in Fig. 5a, the shapes of the limit curves are
qualitatively similar. However, the preload in DC testing is
highly sensitive to preload depth; in this case, 340kPa at
a preload depth of 10um, for a factor of adhesion p’ of
0.27. Reducing the preload depth by just 5um improves the
measured p’ to 0.7, but also changes the limit curve for load
states with a shear component. Note also that due to sensitivity
of the stiff adhesive material, neither DC test was able to
measure points near pure shear.

Force-controlled measurements on the other hand are more
uniformly distributed along the limit curve and generally
preserve the curve shape as the preload changes. For the FC
measures, the measured p’ are 1.4 and 2.5 for the high and
low preload cases respectively. In addition, FC testing is able
to extend the limit curve to conditions of pure shear.

Figures 5b and 5c¢ show the measured forces as a function
of time for displacement controlled and force controlled tests
respectively. The tests were selected to be of comparable
measured angle, as defined by the ratio of og to oy; in this
case, approximately 25 ° to 30 °. The corresponding trajectory
angles are 70° (b) and 18° (c). The offset in measured
and trajectory angles for the FC test is as expected due to
the initial preload force; for an illustration of these offsets
between trajectory and measured angles, refer to Fig. 3 of the
supplementary information.

Looking at the plots of force as a function of time, we see
that the stiffness of the flat PDMS contact causes a slowly
varying linear commanded displacement to result in large
forces on the sample, with fast, nonlinear loading rates. While
less of a problem with microstructured adhesives with lower
effective modulus, this phenomenon is still present, and has
the potential to introduce rate-dependent effects. Unlike when
measuring JKR contacts to develop tribological models—or
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Sample Fixture

Pitch Adjust

Sample
Holder

Test surface

Fig. 3. Tllustration of the system. The adhesive sample is affixed to a sample holder and clamped in the sample fixture, which is then clamped to the CNC
machine spindle. The sample in-plane rotation (roll) is adjusted by orienting the sample holder prior to clamping it into the fixture. The sample plane is then
aligned to the test surface with two fine-adjustment angular stages in the fixture. Motion of the sample fixture brings the sample in contact with the test
surface. The test surface is supported by crossed passive elastic stages, allowing motion in the X and Y directions with respect to the machine coordinates.
Each stage is supported by air bushings, with an additional planar bearing to fully restrict five degrees of freedom. Air bearing components are in dark blue.
Each stage is centered by a pair of springs, visible in the figure under the red arrows indicating stage motion.

even when measuring uniaxial tension on symmetric structured
adhesives—the relationship between commanded and effective
load rates is determined not only by material properties
and contact mechanics, but also by the kinematics of the
microstructure deformation. Particularly when measuring ad-
hesives in combined load states, this nonlinearity introduces
effects that are difficult to isolate.

In comparison, for FC testing (Fig. 5¢) the applied forces
match the commanded forces on the sample. This better ap-
proximates a quasistatic condition, and ensures that while the
adhesive structures may be undergoing complex deformations,
the applied force does not change in an unpredictable way.

From an applications perspective, the FC data are expected
to be more representative, as the majority of reported ap-
plications of gecko-inspired adhesive have applied forces.
While the DC test parameters can be modified to achieve
a limit curve that matches, the natural modifications result
in an unrealistic loading process. For instance, the trends in
Fig. 5 suggest that increasing the preload in the DC tests or
reducing the preload in the FC tests can further align the two
data sets. Likewise, increasing the load rate in the DC test
would also increase the measured failure points. However, all
of these modifications, while aligning the measured outputs,
only make the test conditions more mismatched, whether in
preload pressure or in loading rate. While this mismatch in
test conditions is not necessarily bad in all cases, as we see in
the following sections it can become critical depending on the
application. Thus, for any testing performed in DC, the results
should be carefully validated against the observed behavior in
applications.

The model curve presented for comparison is the theoretical
limit as predicted by the Eason-Xu-Needleman traction func-

tion developed in [58]. In this case, there is a clear discrepancy
between the measured data and the adhesive model. The
discrepancy when pulling off in the pure normal direction is
unlikely to be systematic; plausible values for the material
limit of Sylgard 170 with respect to glass vary, and the wedge
model for which this traction function was developed is not
sensitive to this parameter [58]. The discrepancy in the shear
direction is likely to be a systematic issue, reflecting the
effects of the finite stiffnesses of the motion stages and test
fixture. If we assume that the shear and tensile limits are
equal, this implies an approximately 20 % error in the shear
measurements. However, the flat-on-flat contact is the worst-
case for the test procedure: as a flat sample has maximum
stiffness of any adhesive sample, it is therefore the most
sensitive to small deflections across the sample. As seen from
the displacement controlled data, this sensitivity is enough that
even the micron-scale deflections predicted would be enough
to substantially change the stress distribution when loaded in
shear, thus reducing the total measured force.

As seen in the following sections, when testing fibrillar
adhesives the parasitic stage rotations are not an issue and
do not reduce the measured adhesive stress. The points on
the corresponding limit curves match the results obtained em-
pirically for particular loading directions in applications [22],
[55], [57].

B. Microwedge Adhesives

To investigate the effects of test method on the apparent
limit surfaces of microstructured gecko-inspired adhesives, we
begin by considering the measured performance of wedge-
like controllable adhesives developed and used in [8], [22],
[55], and shown in Fig. 4b. Microwedge adhesives were
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Fig. 4. Microscope images of the representative gecko-inspired adhesives
tested. a: a commercially-available material (Setex DA 110C, nanoGriptech),
which is most similar in geometry to those reported in [7], [49], and of the
same class as those reported in [35], [39], [48], [50], having a series of pillars
with flat caps on the tips. Caps are 100 um in diameter and spaced at 180 um in
a hexagonal array. b: microindented adhesives first reported in [8], and broadly
representative of a growing array of gecko-inspired adhesives designed for
anisotropic performance, having asymmetric wedge-like features, shown here
in cross section. Wedges are spaced at 60 mm, are 90 um in height, have half-
angle 8 = 7.5° and the contacting faces are inclined with respect to the
adhesive by 0 = 52°

manufactured using the micromachining, sculpting and casting
procedures detailed in [8], [59]. Flat samples were manu-
factured by casting a thin film on a polished glass surface.
All adhesives were cast with Dow Corning Sylgard 170; this
and other polydimethylsiloxane (PDMS) polymers have been
used in many gecko-inspired adhesives, particularly directional
ones, in part due to their relatively low hysteresis [60], [61].
All data presented in this section were measured on a single
sample to eliminate intersample variation and isolate effects
due to the testing method. No degradation of the adhesive
performance was observed over the course of testing.

Figure 6 shows data measured using a load-pull trajectory;
at top using displacement control at several preload displace-
ments; center using force control at several preload pressures;
and at bottom a direct comparison of the two test control
methods. For the DC tests, the data at 40 um and 50 um preload
were both taken for the full set of trajectory pulloff angles from
0° to 90 °. However, we see that in both cases, the full limit
curve cannot be measured; in the case of 40 um preload depth,
we can only reach a measured pulloff angle of 63 °; increasing
the preload to 50 um, we see that this approaches 77 °, still well
away from a measurement at 90 °. Further preload to 53 um
is required to measure points at pure shear. This dependence
on preload depth is not merely an inconvenience, but rather a
fundamental constraint on testing—in order for a displacement
controlled test to measure a point near shear, the preload
depth necessarily must be at least as far as the wedges deflect

under applied shear load. However, for any load trajectory
that does not match the natural motion of the wedges, this
will introduce a large preload force. For instance, although
the measured preload pressure at 40 um is a reasonable 31 kPa,
this increases to 108 kPa at 50 um, and 154 kPa at 53 um. This
testing protocol results in an apparent ' of merely 0.12.

By considering the FC data, we see that this apparently
low factor of adhesion is an artifact of the test setup. With
FC testing, adhesive performance is in fact independent of
preload; further, we can measure the adhesive in the low-
preload conditions in which it has often been used [22],
[57], [62]. When measuring with a nominal preload of 5kPa,
while the measured preload of 6.6kPa differs slightly due to
small calibration offsets of the stage,the resulting ' is still
substantially higher, at 2.5. Not only is the test method more
reflective of the application use conditions, but the data are
more uniformly distributed along the limit curve, particularly
for high-shear loads.

Comparing the two methods (Fig. 6¢), we see that the
overall shape is comparable. Both tests result in similar pulloff
forces at zero shear; however, while testing in displacement
control is roughly comparable for moderate shear loads, it
diverges at high shear, underestimating the shear limit by
approximately 12 %. This is where we should expect the
difference to be greatest; the high-shear condition is precisely
the point at which the adhesive performance is most dependent
on the particular details of the geometric deformation. The
supplementary information provides a general approach for
comparing limit curves with uncertainty in both normal and
shear stresses.

The difference in test metrics becomes more pronounced in
the reverse direction. Figure 7 shows the full limit curve of
pulloff angles from -90° to 90 ° of the microwedge adhesive
as measured by FC and DC load-pull tests. The displacement
control test in this case shows an apparent lack of adhesion in
the reverse direction, in this case the result of interactions be-
tween the loading trajectory and the adhesive microstructure.
Indeed, it shows what looks like the left side of a Coulomb
friction cone, like that reported by Autumn et al. for gecko
adhesion [63] and for an early version of directional polymer
stalks [20]. The force-controlled test instead reveals a shear
limit that is nearly the same in the reverse direction as in the
preferred direction for this adhesive.

For this adhesive, when tested in FC, the wedges are free
to flip over and contact on the reverse faces. In this condition,
the local contact geometry is nearly identical to that in the
preferred direction, and so apart from slightly increased strain
energy in the wedges, the adhesion properties are similar. DC
testing, as it constrains the motion of the wedges, does not
permit this deformation, and so does not measure increased
adhesion.

This behavior is borne out in systems-level observations of
grasping with microwedge adhesives [23]. While the equal
shear stress magnitudes are not expected to generalize to other
anisotropic adhesives with different geometries, it serves as
a stark illustration of the difference between the two test
methods.

Figure 8 shows a comparison of limit curves measured
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Fig. 5. Comparison of data from force-controlled (FC) and displacement-controlled (DC) load-pull (LP) testing of flat PDMS on glass. a shows full limit
curves measured with each method; b (DC, 0,11 = 70°) and ¢ (FC, 6,11 = 18 °) show normal and shear forces versus time for the tests (b) and (c), labeled
in a. Tests progress from initial contact (i) to maximum compressive preload (ii), through detected pulloff (iii). As seen in a, DC data are spaced nonuniformly
along each limit curve, while the FC data are more evenly spaced. This is partly due to the fact that in DC, the preload force is necessarily high, and both
preload and pulloff forces are rapid and nonlinear. FC tests result in smoother force application, with the load rate easily controlled. DC testing also requires
these high preload forces to measure near pure shear; FC tests allow substantially lower preloads that are controlled independently of pulloff angle.

using load-drag-pull trajectories, as is more common in the
literature [39]. In this case, while the FC data are reasonably
close to the data obtained with an FC load-pull trajectory
(Fig. 6), the DC data are markedly higher in the preferred
direction than both DC and FC load-pull data. Again, the DC
data do not fully support the limit curve, while the FC data
do; the difficulty is again in measuring points near shear with
the DC test. As was the case for Fig. 6, a very high preload—
which would not be used in most applications—was necessary
to obtain a curve that extends to the maximum shear case.
Additionally, the DC data were measured with a shear drag
displacement range of -300 um to 350 um, comparable to the
maximum required displacement of 350 pym to measure the full
limit curve when using a DC load-pull method. That is, even
though the drag distance is at least as much as the total motion
during the load-pull test, the data are markedly different. This
suggests that where shear motion of the adhesive is necessary
to activate the adhesive [8], [26], [37], [64] the DC load-drag-
pull trajectory may not be a useful test trajectory, even though
it is commonly used.

Finally, we compare the effect of trajectory when perform-
ing force control testing. Figure 9 shows data plotted for
FC tests using both load-pull and load-drag-pull trajectories,
conducted with a preload pressure of 10kPa. Both cases match
well, apart from the region near the maximum preferred shear
point. This difference may be due to the adhesive itself, as a
similar effect has been observed for microwedge adhesives in
Fig. 5.13 of [58].

C. Capped Pillars

To validate force controlled testing as useful for a broader
class of adhesives, we conducted tests on a second commonly
used class of gecko-inspired adhesives, those involving the
adhesion of pillars to a substrate, possibly with caps on the
ends. For ease of procurement and consistency of the adhesive
geometry, we used a commercially available gecko adhesive,
shown in Fig. 4a. These adhesives are most similar in geome-
try to those reported in [7], [49], and similar to those reported
in [35], [39], [48], [50]. Unlike the controllable microwedge
adhesives, this class of adhesives provides substantial adhesion
at zero friction, as well as typically requiring higher preload
forces to fully engage. These properties make this class of
adhesives well suited for different tasks than the directional
adhesives.

The capped pillar features in the Setex adhesive are arranged
in a hexagonal close-packed arrangement. For testing, we
define the z axis to be along a row of pillars, making the
geometry, and therefore limit curve, symmetric about the z
axis.

Figure 10 shows a comparison of limit curves measured
using load-pull trajectories in displacement control (left), force
control (center), and a direct comparison (right). In each
case, several preload values were tested. As expected, these
adhesives show a strong dependence on preload in both cases.
Visually, the FC limit curves all appear to be smoother, al-
though without a justified basis function this cannot be shown
statistically. The comparison plot at right compares the FC
data taken at 80kPa nominal preload to the DC data taken at
20 um, which results in comparable measured preload stresses
of 85kPa and 95 kPa respectively. Note that the FC load-pull
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Fig. 6. Comparison of microwedge adhesive limit curves using a load-pull
trajectory in both displacement and force control modes with varying preload.
Oload = 0°, Opun € [0°,5°,...,80°,85°,86°,87°,88°,89°] a: When
controlling displacement, although the same range of pulloff angles were used
for all preloads, the angle of the measured failure point is coupled to the
preload; necessarily, measurements near pure shear have very high preload
force. b: When controlling forces, varying the preload has no measurable
effect on the microwedge limit curve, allowing testing in the low-preload
high-shear regime these adhesives are developed for. ¢: Direct comparison
of the aggregate limit curves for each control mode; note that displacement
controlled data are sparse near shear, as the resultant force is sensitive to small
changes in displacement.

test measures a limit curve with 100 kPa peak normal, and the
DC load-pull test measures a curve with 80 kPa peak normal—
not only does the DC test measure a lower reported number,
it does so at a higher applied preload force. In this case, the
factors of adhesion are 1.18 and 0.84 for the FC and DC tests
respectively.

Figure 11 shows a comparison of testing the adhesive
sample using both trajectory control methods but in a load-
drag-pull test. These tests are performed at the same preloads
as in Fig. 10, right. Given that a load-drag-pull test with zero
shear displacement is equivalent to a load-pull test with zero
pulloff angle, we see that the normal stress capability is equal
to that measured with the load-pull test. In the case of testing
the adhesive using a load-drag-pull trajectory, however, we
see that the normal adhesion that was available when pulling
towards high shear stress in the load-pull test is not available
when performing the drag and pull separately. We hypothesize
that this is due to the differing behavior of the mushroom caps
under shear loading under compressive vs. tensile loading.
Imaging performed on similar geometries in [35] shows that at
large shear forces, the ends of the adhesive features detach, and
the shear force is supported by the sides of the pillars. In this
configuration, the stored elastic energy releases the adhesive

100
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N
o
L ]
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Fig. 7. Comparison of microwedge limit curves using DC load-pull (DC-LP)
tests at 50 pm preload, and FC load-pull (FC-LP) tests at 10kPa preload.
While DC testing appears to indicate Coulomb friction behavior in the
reverse direction,FC testing indicates that adhesion is present. Points p and r
correspond to the hanging plate demonstration in Fig. 12 in the “preferred”
and “reverse” direction, respectively. While both DC and FC testing show that
p is supported, DC testing would predict that upside-down hanging () is not.
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Fig. 8. Comparison of microwedge limit curves using DC load-drag-pull
(DC-LDP) tests at 50 um preload, and FC load-drag-pull (FC-LDP) tests at
10kPa preload. FC-LDP matches qualitatively the data from FC-LP testing.
However, DC-LDP testing yields apparently high normal stresses, which are
not observed in practice. Even when the drag distances are significantly longer
than the wedge scale, measurements near pure shear are not accessible in either
the forward or reverse directions for DC testing.

from the surface, and as the applied preload is released the
adhesive can be removed with little or no measurable adhesion.
Similar behavior is also reported in [39] when performing DC
load-drag-pull tests on similar adhesives.

V. CORRESPONDENCE WITH APPLICATIONS

Although a broad comparison with applications is beyond
the scope of this paper, we present a couple of examples
that highlight the differences in predicted behavior from

— : : o
§ 0 ¢ vt nt gan e \"'-... ..-: 1| « FC-LP
= o0t Stug e e |l * Fc-LDP
S "aun"
_30 L L L]
-50 0 50
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Fig. 9. Comparison of measured microwedge limit curves using FC load-
pull (FC-LP) and FC load-drag-pull (FC-LDP) with a 10kPa preload. Both
measured limit curves agree qualitatively, and remaining differences may be
explained by path dependence inherent in the adhesive behavior. Either test is
likely to give accurate results depending on which is better aligned with the
target adhesive conditions.
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Fig. 11. Comparison of capped pillar limit curves using load-drag-pull

trajectories using DC at 25um preload and FC at 80kPa preload. As for
load-pull testing, the displacement control mode significantly underestimates
the available adhesion. Both testing methods indicate negligible adhesion
for effective shear stresses above about 30kPa; this is a known property of
the adhesive structure, where sufficient shear stress while under compression
causes the caps to detach from the surface.

displacement-controlled and force-controlled testing. The most
dramatic differences for directional adhesives are apparent
when they are loaded in the reverse or non-preferred direction.

Figure 12 shows a steel plate with a mass of 117 g, and
attached adhesive patches of 5mm x 5mm, oriented in the
same direction at the top and bottom. The plate was adhered
to a vertical glass plate using only the upper adhesive patch,
with a piece of smooth tape preventing adhesion from the
lower patch. The figure shows the two orientations “right side
up,” which loads the adhesive in the preferred direction and
“upside down,” which loads it in the reverse direction. The

Detail a

Detail b

Fig. 12. A steel plate is supported on a vertical glass surface by microwedge
adhesives operating in the preferred direction (a), and in the reverse direction
(b). Approximate shear load is 50kPa, which is near the point of maxium
adhesion in both directions. The limit curve measured using displacement
control would suggest that adhering in the reverse direction (b) is not possible.
(Fig. 7).

shear load in either case is about 50 kPa and the normal stress
is about -1 kPa . In both cases the glass was edge-lit to produce
a frustrated total internal reflection (FTIR) image of the contact
area [23], [65]. The plate is supported in both orientations,
but the corresponding shear and normal stresses, denoted by
labels p and r in Fig. 7, show that only FC testing predicts
this result.

For a less carefully aligned example, we created a “back-
wards” version of the flexible film gripper described in [22].
As seen in Fig. 13, the film gripper is able to lift a football with
the adhesives in either the preferred or non-preferred direction,
consistent with the FC limit curve in Fig. 7.
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Fig. 13. An American football (392 g) is lifted by a flexible-film gripper with
adhesives oriented in the preferred (a) and reverse (b) directions.

VI. DISCUSSION

A good test method should have two key characteristics.
First, it should reflect the conditions that will be experienced
by the adhesive in use. Second, it should not introduce bias
to the measurement that is a byproduct of the test setup and
procedure.

When evaluating the existing adhesive test methods, we
see that the first property is rarely the case for the range of
testing methods reported in the literature. Apart from excep-
tional circumstances, applications of gecko-inspired adhesives
outside the laboratory do not impose a fixed displacement
between the adhesive and the surface. However, the majority
of tests reported for gecko adhesives have used displacement
controlled tests for measuring the properties of the adhesives.
This is not inherently a flaw; while macroscopic objects also
typically support applied forces, materials testing conducted
in displacement control yields good results. Implicit is the
assumption that the measured properties do not depend on the
details of the relative motion, but simply the ultimate forces.
However, this is not a good assumption when testing gecko-
inspired adhesives, which all depend on the specific properties
and motion of the microstructure for adhesion.

This mismatch between test and use conditions in adhesive
testing introduces additional bias in the form of path depen-
dence. In the case of any of these adhesives, the adhesive struc-
tures deform in response to applied loads; if the test method
does not permit this deformation, a bias is introduced due
to the difference between the commanded and self-deflection
paths. In the case of shear adhesives particularly, this couples
preload to the ability to measure certain points on the limit
curve. Further, as gecko-inspired adhesives are developed with

more complex structures to tailor their adhesive properties,
even approximations will not be feasible without a priori
knowledge of the limit curve and the detailed motions of the
adhesive structure—not a good prerequisite when testing a
novel adhesive. An example of this is the highly anisotropic
adhesive presented in [54]; the reverse direction behavior
depends not only on the structural motion of the adhesive,
but also on nonmonotonic relative displacement between the
adhesive and the surface. These discrepancies have not been
critical to date because testing has largely been conducted
in uniaxial tests, in a specific regime where a displacement
controlled approximation is sufficient, or by testing on the
actual system directly.

The majority of tests on capped pillar adhesives have been
along the z axis; in this case, there is not expected to be a
substantial difference between force- and displacement-control
testing, as the test trajectory is entirely aligned with the
adhesive structure deflection. The time dependence of the force
does change, however. For a constant-velocity displacement
trajectory, the force will typically change nonlinearly, which
may help to explain the difference in normal force measured
in Fig. 10.

In the case of previous measurements of shear controlled
adhesives, the applications have largely been climbing, perch-
ing, or grasping with grippers designed specifically to operate
in one shear direction [21], [57], [62], [66]. For these appli-
cations, the only critical portions of the limit curve are those
where the shear is in the preferred direction. In this quadrant,
displacement-controlled tests can provide a good approxima-
tion of the adhesive limit curve, as seen in Fig. 6. However,
even while the shape of the limit curve is a good match, the
preload force imposed by the testing trajectory is coupled to
the angle of measurement. While shear adhesives tested to
date yield the same performance regardless of preload, this
constraint does mean that they cannot be directly tested in the
low-preload conditions for which they are most suited.

The other approach in the literature is to test the adhesive
limits of an entire system that includes the adhesive, whether
mounted on a film, tile, or other carrier. This approach has the
benefit of giving results that are directly applicable to the use
case but can require the development of test procedures and
fixtures that are highly application-specific. Nevertheless, this
approach has been used, for example, in [21], [23], [30], [46].
In some cases, testing the full system is necessary to verify
performance.

When considering the difference between load-pull and
load-drag-pull in FC testing, the answer is again that the
test method should be aligned to the expected loading in
the application. While load-pull and load-drag-pull tests are
easy to implement, the presented test apparatus is capable of
following arbitrary loading trajectories.

In summary, FC testing is likely to provide measurements
that better match the observed behavior not only for climbing
robots but also for new applications including adhesive power
transmission with reversing loads [67] and the acquisition of
free-floating objects [57], [68]. Applying directional adhesives
to industrial grippers [23], [69] requires understanding the
preload dependence, as well as adhesion in the non-preferred
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direction. Adhesives used in skin-contact [24] will experience
complex loading conditions due to the elastic nature of skin.
In these applications, the adhesive limit curves captured with
the new force-controlled system predict the performance to
be obtained in practice, and can help accelerate the transition
of gecko-inspired adhesives from laboratory experiments to
widespread use.

METHODS
Flat Samples

All flat samples in Section IV-A were tested using a load-
pull trajectoryusing 6ipaq = 0°, and 6, € [0°,5°, ..., 80°,
85°,86°,87°, 88°, 89 °]. DC tests were performed at preload
displacements of 5 pm and 10 um. FC tests were performed at
preload pressures of 40 kPa and 80 kPa.

Microwedge Samples

All microwedge samples in Section IV-B were tested using
eload =0°.

a) Load-pull Testing: DC tests were conducted using
Opun € [0°, 5°, ... ,80°, 85°, 86°, 87°, 88°, 89°]. FC tests
were conducted using 01 € [0°, 5°, ..., 60°, 65°, 70°,
73°,76°,79°, 82°, 85°, 86°, 87°, 88°, 89°]. In both cases,
data points are spaced more closely near shear as the expected
adhesive limit curve is more sensitive to pulloff angle in this
area. DC tests were performed at preload displacements of
40 pm, 50 um, and 53 pm. FC tests were performed at preload
pressures of 5kPa, 10kPa, and 20 kPa.

b) Load-drag-pull Testing: DC tests were conducted
using a drag distance ¢ € [-300pum, -275um, ... , -125 pum,
-100 ym, -90um, ... , 90um, 100 um, 125 um, ... , 325 um,
350 um]. FC tests were conducted using a drag stress o € [-
80kPa, -75kPa, ..., 75kPa, 80 kPa]. DC tests were performed
at preload displacement of 50 um. FC tests were performed at
preload pressure of 10 kPa.

Capped Pillar Samples

All capped pillar samples in Section IV-C were tested using
O1oaa = 0°.

¢) Load-pull Testing: DC tests were conducted using
Opun € [0°,5°, ... ,80°, 85°]. FC tests were conducted using
Opun € [0°, 5°, ..., 80°, 85°]. DC tests were performed
at preload displacements of 10 um, 15 um, 20 um, and 25 pym.
FC tests were performed at preload pressures of 5 kPa, 10 kPa,
20kPa, 40kPa, and 80 kPa.

d) Load-drag-pull Testing: DC tests were conducted
using a drag distance § € [Oum, Sum, ..., 115um, 120 um].
FC tests were conducted using a drag stress o € [0OkPa,
5kPa, ..., 65kPa, 70kPa]. DC tests were performed at preload
displacement of 25 um. FC tests were performed at preload
pressure of 80kPa.
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