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(in the null space of the equilibrium equations)  

to control friction and adhesion forces  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Embrace the Environment
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From “Hands off” to “Hands on” — robots interact energetically with the environment.



Embracing and exploiting the 
environment — not
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Traditional manipulation and motion planning:
• Carefully plan trajectories in space.
• Highly restrict contacts.
• Minimize uncertainty.

The Pink Panther, stealing a rare diamond from inside a Museum



Embracing and exploiting the environment
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Biological manipulation and motion planning:
• Any contact is good contact
• Use highly robust strategies and appendages
• If it fails, try again!

Jain et al. 475

Fig. 16. (Left) Experiment to demonstrate selective control of contact force in different regions using our model predictive controller.
Tactile sensing visualization when some contacts are within the ‘fragile’ region (red cylinder) and other contacts are outside the ‘fragile’
region. The cyan circle is the goal location that the robot successfully reached. (Middle) Histogram of contact forces within the ‘fragile’
region. (Right) Histogram of contact forces outside the ‘fragile’ region.

Fig. 17. (Left) Five different goal locations within the hardware-
in-the-loop testbed that we used to test our model predictive con-
troller as part of a fully autonomous system, as described in
Section 7.1.2. (Right) Five different goal locations in artificial
foliage that we used to compare the model predictive controller
and the baseline controller, described in Section 7.2.2. The envi-
ronment consists of compliant leaves and rigid blocks of wood
(outlined in red). The red circle denotes the position of the end
effector.

At this point, the second high-level controller (HC2) took
over. HC2 attempted to reach the goal location using our
model predictive controller. If HC2 detected that the end
effector stopped making progress towards the goal location,
it would attempt another reach or pull the arm out and return
control to HC1. For each of up to four reach attempts, HC2
would perform some combination of pulling the arm out
and moving the end effector to the left or right of a post. The
details of this algorithm are beyond the scope of this paper.
Extension 5 is a video of the full results of successfully
reaching the five goal locations shown in Figure 17.

We also recorded the contact forces that occurred during
the successful reach for each of the five trials. The average
of the maximum force for each of these five reaches was
5.6 N. The average of the contact forces in these five reaches
that exceeded the don’t care force threshold, f thresh

ci
= 5 N,

was 5.5 N.
Additionally, for each of the five initial conditions

(mobile base location and arm pose) from which HC2 suc-
ceeded, we attempted a single reach with the baseline con-
troller. The baseline controller succeeded with three out of

five of these initial conditions, had an average maximum
contact force of 17.7 N, and an average contact force above
5 N of 14.3 N. This indicates that two of the five successful
reaches performed by the fully autonomous system bene-
fitted from our model predictive controller, HC2, or both.
Our controller also kept the contact forces lower than the
baseline controller.

Our results with the baseline controller in this experiment
and those we describe later in this section emphasize that
compliance alone is insufficient to achieve success at reach-
ing in clutter, and that even a highly compliant robot can
produce high contact forces when reaching in clutter.

7.2. Real tactile sensing forearm

We also conducted experiments with the forearm tactile
sensor described in Section 4.4 and Figure 8. Since the tac-
tile sensor only covers the forearm of the robot, we designed
the experiments to restrict contact to the forearm and the
plastic cover on the wrist.

We performed experiments with clutter that simulates
foliage and rubble. The artificial foliage consists of both
compliant objects (plastic leaves) and fixed rigid objects
(blocks of wood). The leaves can result in substantial occlu-
sion (see Figure 1), and can be pushed aside with relatively
low force. However, the blocks of wood are hidden, rigid,
and effectively immovable.

The cinder block is a rigid, heavy, and fixed object, rep-
resentative of some of the objects a robot would encounter
in rubble. The diameter of the robot’s forearm is 10 cm. It
is close to the width of the opening of the cinder block,
which varies between 13.5 cm and 14.5 cm. Additionally,
the edges are sharp and the surface is abrasive.

7.2.1. Illustrative examples – foliage and cinder block: We
performed one trial each of the robot reaching to a goal
location in foliage and reaching through the opening of
a cinder block. Figure 19 shows two images and the his-
tograms of the contact forces for these two trials. The aver-
age end effector velocities were 2.95 cm/s and 2.14 cm/s

Jain et al., “Reaching in clutter with whole-arm 
tactile sensing,”  IJRR (2013) 



Lessons from biology for 
bio-inspired design:

1. Reduce Complexity - Collapse Dimensions 

2. Manage Energy 

3. Use Multifunctional Materials - Tuned, Integrated 
& Robust 

4. Exploit Interaction with Environment

R.J. Full
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Biological Inspiration

• Control heirarchy 
– Passive component 
– Active component
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Full and Koditschek, 1999
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Embracing and exploiting the environment
As robots venture into the world they too need  
strategies that embrace the environment with:
• models of the physical interaction, 
• compliant, robust mechanisms 
• ability to sense and respond to changing conditions
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Fig. 8. Detection of the snake robot and the target object (green box).

(a) (b)

(c) (d)

Fig. 9. Snapshot sequence of the circumnavigation of the target object
(green box) traced by the snake robot.

By combining the motion concatenation with a low-fidelity
global planner, our approach realizes the best aspects of both
model-predictive planning and scalability.

The planning model presented in this paper assumes that
the terrain is mostly flat ground, punctuated by sparsely or
moderately cluttered obstacles. This is not to say that we
envision snake robots operating only in such environments,
or that we are “sending a snake to do a car’s job.” Rather, it
reflects our view that a snake robot should take advantage of
vehicle-like motions to move quickly when and where it can,
reserving more sophisticated control schemes for situations
in which they are necessary.

Further, we feel that the results in this paper are an
important first step to using planners to guide snake robots
over more challenging terrains, like those in the spectrum
in Fig. 10. Field experiments at sites like the Disaster
City R� training ground at Texas A&M University [47] have
suggested that the basic library of gaits we developed for
smooth ground traversal is quite robust to changes in terrain.
Over moderately-rough surfaces, executing these gaits is

Flat ground Pipes & Trees Unstructured obstacles

Basic gaits Specialized gaits Non-gait motions 

Easy Terrain difficulty Hard

Fig. 10. Terrain complexity influences

sufficient to propel the robot in the desired directions, even
if the gaits are not theoretically-optimal motions through the
environment. Future work will use planners that have real-
valued terrain cost and incorporating specialized gaits or non-
gait motion controllers as motion primitives, thus extending
the best features of high-level planning and low-level control
to snake robots operating in such realistic environments,
being developed for force-based obstacle exploitation [31].
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Modeling physical interactions
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Fluidization effects for running in granular 
media  [Li,Zhang,Goldman2013]
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Modeling the dynamics of making, 
breaking contact  

13

Jiang, H., et al, "Modeling the Dynamics of Perching with Opposed-Grip 
Mechanisms,” ICRA 2014 

The interesting stuff happens when 
contact conditions are changing rapidly

http://youtu.be/wD-9oAuB9do

http://youtu.be/wD-9oAuB9do


Modeling the dynamics of making, 
breaking contact  
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Jiang, H., et al, "Modeling the Dynamics of Perching with Opposed-Grip 
Mechanisms,” ICRA 2014 

The interesting stuff happens when 
contact conditions are changing rapidly
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“Preflexes”: robust, compliant,  
under-actuated mechanisms

15

Harvard hand
[Dollar, Howe]

Hirose hand

Robotiq hand

Stanford/KAUST
hand

Use end-Effectors that embrace the environment 



Embrace and exploit the environment
Modify the physics of the interaction with the environment

was used to mimic hard ground. Two high-speed cameras (Sony
Handycams, 240 fps under infrared light) recorded dorsal (figure 1a)
and lateral images. Natural and removable markers (located on the
carapace and the mid-point of the flipper) aided tracking of move-
ment. Three runs per animal, with up to five animals, were
recorded in a 2 h span. A run was considered successful if the
animal took more than three steps, such that cycle average velocity
returned to within 35 per cent of the velocity of the preceding step.
Hatchlings were released at their collection location.

We performed laboratory measurements on a model flipper to
estimate thrust forces. The model flipper consisted of a thin
(1.45 mm) aluminum plate 3 cm long (comparable to flipper
length) that was inserted into the Jekyll Island sand to the given pen-
etration depth (d ¼ 0.25–1.25 cm) and dragged at 0.05 cm s21 over

a distance of 5 cm; as in other experiments (Maladen et al. 2009),
drag force was independent of speed up to 20 cm s21. Calibrated
strain gauges mounted to the model flipper provided force measure-
ments during drag. Displacement was controlled by a stepper motor
and lead-screw. Force data were sampled at 1 kHz. Yield force of the
media was determined from the y-intercept of a linear fit to the drag
force after motion of the plate began (figure 2b).

3. RESULTS
Despite the different contact mechanics associated
with sand and sandpaper, forward velocity of the
body (close to centre of mass) vx versus time was
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Figure 1. Sea turtle locomotion on sand. (a) Frame captures
of tracked hatchlings on sand. (b) Flipper, body fore-aft
velocity and vertical position over time; numbers correspond
to frames in (a). (c) Velocity versus frequency for sand (black
triangles) and hard ground (grey circles). Vertical bars show
mean, s.d. and range of velocity while horizontal bars show
range of frequency.
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Figure 2. Model of locomotion on sand: (a) flipper ground
reaction force Fthrust and inertial force ma. (b) Drag force
versus displacement shows rapid rise in force (the yield
force Fyield) for small initial displacement. Inset: quadratic
dependence of Fyield on insertion depth d. The bar shows
range of measured flipper depths. (c) Normalized turtle
inertial force (ma/Fyield) versus limb frequency (fit curve is
ma/Fyield ¼ cf n; c ¼ 0.21, n ¼ 1.74, r2 ¼ 0.65). Dashed line
indicates predicted yielding threshold for a single flipper
inserted to average measured turtle depth (grey region is
yield for mean+ s.d. depth).
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Utilization of granular solidification during terrestrial locomotion of hatchling sea turtles 
Mazouchova, Gravish, Savu, Goldman, Biology Letters (2010)

RoACH/DASH

~1 mm poppy seeds
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Figure 6. (a) Illustration of the experimental setup (not to scale). A fluidized bed trackway prepares the granular material,
∼ 1 mm diameter poppy seeds, into loosely packed states to create a deformable substrate with well defined mechanical
properties. Hard ground is simulated by a piece of drywall. Dorsal and laterals cameras record high speed videos of the
kinematics as DASH/RoACH moves on the substrate. Robot sensors record the back EMF and the control reference
signal. (b) RoACH and (c) DASH stands on loosely packed poppy seeds.

LPM leaf blowers (Toro) at maximum power, the entire bulk of granular media was fluidized into the bubbling
regime. As the flow was slowly reduced to zero, the poppy seeds came to rest in a loosely packed state. The air
flow across the fluidized bed is measured with an anemometer (Omega Engineering FMA-900-V) and is uniform
to within 10 percent. Volume fraction was calculated as φ = m/ρV, where m is the total mass of the seeds, ρ
the average solid density of each grain and V the bed volume.

The substrate was prepared before each run: for hard ground runs, the drywall rested horizontally on the flat
granular media surface, and was wiped with a brush to remove any contaminants from the previous run (poppy
seeds occasionally got onto the drywall when the robots ran off the end); for granular media runs, the poppy
seeds were prepared into a loosely packed state with volume fraction φ = 0.580 using the fluidized bed trackway
(air flow is turned off before the robot is run). The RoACH/DASH (Fig.7b,c) robot was carefully placed on the
substrate at the same end of the trackway with one tripod entirely in contact with the surface while the other
remained lifted above the substrate. On the granular media, DASH was placed with its stance with all six legs
touching the surface. RoACH is run with the curvature of the legs pointing forward (rather than backward as is
the case with the RHex and Sandbot robots) because this was observed to improve performance on hard ground.

A Python graphic user interface (GUI) is used to configure the robot via a 230 Kbps Bluetooth communication
link. The robot’s DC motor is controlled using a pulse width modulated (PWM) voltage, and the control reference
signal sent to the robot is strictly an open loop, feedforward specification of the duty cycle of that signal (under
open loop stride low frequency f <∼ 5 Hz is not possible). The PIC microcontroller includes a 10-bit analog
to digital converter that is used to sample the back EMF of the motor when the motor is switched off during

Proc. of SPIE Vol. 7679  76790Z-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/31/2015 Terms of Use: http://spiedl.org/terms

Dash and Roach in granular media
Li et al. SPIE 2010
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µTugs: Enabling Microrobots to Deliver Macro Forces with

Controllable, Bio-inspired Adhesives

David L. Christensen, Elliot W. Hawkes, Srinivasan A. Suresh, Karen Ladenheim, and Mark R. Cutkosky

Abstract— The controllable adhesives used by insects to both

carry large loads and move quickly despite their small scale

inspires the µTug robot concept. These are small robots that

can both move quickly and use controllable adhesion to apply

interaction forces many times their body weight. The benefits,

requirements, and theoretical efficiency of the adhesive in this

application are discussed as well as the practical choices of

actuator and robot work surface material selection. A robot

actuated by piezoelectric bimorphs demonstrates fast walking

with no-load rate of 50Hz and a loaded rate of 10Hz. A 12 g
shape memory alloy (SMA) actuated robot demonstrates the

ability to load more of the adhesive enabling it to tow 6.5 kg
on glass (or 500 times its body weight). Continuous rotation

actuators (electromagnetic in this case) are demonstrated on

another 12 gram robot give it nearly unlimited work cycles

through gearing. This leads to advantages in towing capacity

(up to 22 kg or over 1800 times its body weight) step size,

and efficiency. This work shows that using such an adhesive

system enables small robots to provide truly human scale

interaction forces, despite their size and mass. This will enable

future microrobots to not only sense the state of the human

environment in which they operate, but apply large enough

forces to modify it in response.

I. INTRODUCTION

There are numerous impressive micro-robots [1]–[7], but
many require powered external infrastructure (e.g. large
electromagnets [1,2], surfaces with local magnetic fields [3],
capacitive electrode surfaces [4]) or similar provisions, and
even so can apply only minute interaction forces with their
environments. In contrast, insects such as weaver ants (Fig. 1,
left) have no required infrastructure, yet can exert substantial
forces when normalized to bodyweight.

At small scales, insects exploit interaction forces like
adhesion that, unlike coulomb friction, scale with area and
do not depend on the magnitude of a normal force. There are
many examples of insects that use adhesive pads, scopulae,
and other microscopic features to attach to surfaces [8,9];
with these features, insects can apply interaction forces many
times their body weight.

However, adhesion without a method of release is not
useful; an insect or robot would become stuck and could
not move. This problem has been reported for both small
robots [10] and moving MEMS devices [11]. In addition,
at smaller scales, legged locomotion requires higher step
rates than at larger scales to maintain the same absolute
velocity. Therefore, adhesives must engage and disengage
more quickly at small scales. To allow easy and fast release
of adhesion, an insect or microrobot needs a controllable

All authors are with the Dept. of Mechanical Engineering, Stanford
University, Stanford, CA 94305, USA DavidC10@stanford.edu

Fig. 1: Asian Weaver Ant holds 500mg weight on an inverted
surface using controllable adhesion (left, image courtesy of
T. Endlein, Cambridge). The 12 g µTug robot (visible at
lower right) uses controllable adhesion to tow over 20 kg
on smooth surfaces.

adhesive that can be activated for applying large interaction
forces when required, and deactivated for locomotion with
low energy expenditure [12,13]. Indeed, most insects that use
various forms of adhesive pads have controllable adhesion.

We use these insights as the basis for µTug robots,
small robots that can move easily and can apply interaction
forces orders of magnitude larger than their weights. The
robots employ a controllable dry adhesive that functions on
a variety of smooth surfaces and allows both large force
generation and high step rates, enabling the microrobots to
interact with human scale environments. We discuss scaling
principles and the constraints (e.g., regarding stride length
and attachment/detachment work per cycle) that apply to
this class of miniature robot and demonstrate the principles
for µTugs towing large weights. The measured performance
matches predictions and illustrates some of the tradeoffs
associated with different types of actuation.

We conclude with....

II. ADHESIVES

A. Force Generation

The dry adhesives used for this work [14,19] generate
adhesion using van der Waals interactions [15] at densely
arrayed contact sites. The adhesive is composed of a series
of 100 µm wedges made of silicone rubber (Dow Corn-
ing Sylgard 170). When placed on a surface, the wedges
only make contact with their tips, with a very small area
of contact. When the adhesives are loaded in shear, the

If you are small,
and friction is
inadequate,
exploit adhesion!
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Fig. 4: Top: (a) Required work for loading 25mm square ad-
hesive. Due to actuator force-displacement shape mismatch,
piezoelectric and EPAM actuators (c) require a stated work
cycle capability of at least four times this minimum value
to achieve full engagement (b). SMA (d) and motors (e)
are a better match, only wasting half of their work cycle
specification, up to the star symbol at center. Unused actuator
capability becomes less important with a larger the total work
per cycle. Bottom: Micrographs showing source of required
work: adhesive wedges deforming under load.

as the force required to engage the adhesives is in the loading
direction.

The quasi-static thermodynamic energy of adhesion for
bulk PDMS is 0.047mJ/m2. However, even at 70 µm/s, the
work required for peeling at an angle of 40° is 0.2 J m2 [20].
To disengage the adhesives controllably and quickly upon re-
lease (much faster than 70 µm/s), there must be substantially
more energy contained within the springs than the minimum
required for quasi-static disengagement [20]. In the case of
this adhesive, that energy is about 3 J/m2.

Fig. 4 region (a) shows the force-displacement profile for
a 25mm square patch of adhesives (assuming the force dis-
placement curve to be linear). This represents the minimum
spring energy necessary for the system to operate at full
load. Any real system will have additional springs that will
be loaded and other losses, but the adhesives themselves need
at least this force and displacement to function at maximum
capacity. Therefore a robot that fully uses this adhesive must
have at least this work available per cycle in its actuators to
engage and disengage the adhesion. As with insects, the work
required per cycle reduces with decreased loading because
the adhesive only engages the amount necessary to support
the load.
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Fig. 5: Effective dragging payload capacity (in robot body
weights) for a 12 g, 25mm cube robot on a variety of surfaces
sorted by coefficient of friction (also shown for reference).

III. PRACTICAL CONSIDERATIONS

A. Work Surface Selection
The choice of work surface material presents a unique

opportunity to maximize the effective impact of the adhesive
robot. While choosing a material on which the adhesive
performs well is obvious, it is this measure combined with
the force required to move the payload that matters.

At the limit of function, the maximum adhesive shear
force, F

s

, on the proposed work surface will equal the friction
of the maximum draggable payload or F

p

. For a stainless
steel payload,

F
s

= F
p

= µ
ss

m
p

g (1)

where µ
ss

is the coefficient of friction for the payload on
the work surface, m

p

is the mass of the payload in kg, and
g is the acceleration due to gravity in m/s2. We define a
normalized performance metric as:

m
p

m
robot

=
F
s

µ
ss

g
(2)

where m
robot

is the mass of the robot in kg. For example,
if an ant has a normalized performance of 100, then it can
drag 100 times its weight.

Figure 5 shows a range of measured coefficients of fric-
tion with corresponding normalized performances. A 1 kg
machined stainless steel lab weight was used to measure co-
efficients of friction. Normalized performance was measured
using a 25mm square robot weighting 12 g with controllable
adhesive on the bottom.

Note that the results are not strictly correlated with the co-
efficients of friction. Teflon (label a) and powder-coated steel
(b) have very different adhesive performances yet similar
coefficients of friction. Teflon and polished concrete (c) have

(a) Required work to load adhesive, (b) corresponding 
force. (c) Piezo and EPAM actuators match poorly,  
(d,e) SMA and motor match better
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µTugs: Enabling Microrobots to Deliver Macro Forces with

Controllable, Bio-inspired Adhesives

David L. Christensen, Elliot W. Hawkes, Srinivasan A. Suresh, Karen Ladenheim, and Mark R. Cutkosky

Abstract— The controllable adhesives used by insects to both

carry large loads and move quickly despite their small scale

inspires the µTug robot concept. These are small robots that

can both move quickly and use controllable adhesion to apply

interaction forces many times their body weight. The benefits,

requirements, and theoretical efficiency of the adhesive in this

application are discussed as well as the practical choices of

actuator and robot work surface material selection. A robot

actuated by piezoelectric bimorphs demonstrates fast walking

with no-load rate of 50Hz and a loaded rate of 10Hz. A 12 g
shape memory alloy (SMA) actuated robot demonstrates the

ability to load more of the adhesive enabling it to tow 6.5 kg
on glass (or 500 times its body weight). Continuous rotation

actuators (electromagnetic in this case) are demonstrated on

another 12 gram robot give it nearly unlimited work cycles

through gearing. This leads to advantages in towing capacity

(up to 22 kg or over 1800 times its body weight) step size,

and efficiency. This work shows that using such an adhesive

system enables small robots to provide truly human scale

interaction forces, despite their size and mass. This will enable

future microrobots to not only sense the state of the human

environment in which they operate, but apply large enough

forces to modify it in response.

I. INTRODUCTION

There are numerous impressive micro-robots [1]–[7], but
many require powered external infrastructure (e.g. large
electromagnets [1,2], surfaces with local magnetic fields [3],
capacitive electrode surfaces [4]) or similar provisions, and
even so can apply only minute interaction forces with their
environments. In contrast, insects such as weaver ants (Fig. 1,
left) have no required infrastructure, yet can exert substantial
forces when normalized to bodyweight.

At small scales, insects exploit interaction forces like
adhesion that, unlike coulomb friction, scale with area and
do not depend on the magnitude of a normal force. There are
many examples of insects that use adhesive pads, scopulae,
and other microscopic features to attach to surfaces [8,9];
with these features, insects can apply interaction forces many
times their body weight.

However, adhesion without a method of release is not
useful; an insect or robot would become stuck and could
not move. This problem has been reported for both small
robots [10] and moving MEMS devices [11]. In addition,
at smaller scales, legged locomotion requires higher step
rates than at larger scales to maintain the same absolute
velocity. Therefore, adhesives must engage and disengage
more quickly at small scales. To allow easy and fast release
of adhesion, an insect or microrobot needs a controllable

All authors are with the Dept. of Mechanical Engineering, Stanford
University, Stanford, CA 94305, USA DavidC10@stanford.edu

Fig. 1: Asian Weaver Ant holds 500mg weight on an inverted
surface using controllable adhesion (left, image courtesy of
T. Endlein, Cambridge). The 12 g µTug robot (visible at
lower right) uses controllable adhesion to tow over 20 kg
on smooth surfaces.

adhesive that can be activated for applying large interaction
forces when required, and deactivated for locomotion with
low energy expenditure [12,13]. Indeed, most insects that use
various forms of adhesive pads have controllable adhesion.

We use these insights as the basis for µTug robots,
small robots that can move easily and can apply interaction
forces orders of magnitude larger than their weights. The
robots employ a controllable dry adhesive that functions on
a variety of smooth surfaces and allows both large force
generation and high step rates, enabling the microrobots to
interact with human scale environments. We discuss scaling
principles and the constraints (e.g., regarding stride length
and attachment/detachment work per cycle) that apply to
this class of miniature robot and demonstrate the principles
for µTugs towing large weights. The measured performance
matches predictions and illustrates some of the tradeoffs
associated with different types of actuation.

We conclude with....

II. ADHESIVES

A. Force Generation

The dry adhesives used for this work [14,19] generate
adhesion using van der Waals interactions [15] at densely
arrayed contact sites. The adhesive is composed of a series
of 100 µm wedges made of silicone rubber (Dow Corn-
ing Sylgard 170). When placed on a surface, the wedges
only make contact with their tips, with a very small area
of contact. When the adhesives are loaded in shear, the
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Fig. 4: Top: (a) Required work for loading 25mm square ad-
hesive. Due to actuator force-displacement shape mismatch,
piezoelectric and EPAM actuators (c) require a stated work
cycle capability of at least four times this minimum value
to achieve full engagement (b). SMA (d) and motors (e)
are a better match, only wasting half of their work cycle
specification, up to the star symbol at center. Unused actuator
capability becomes less important with a larger the total work
per cycle. Bottom: Micrographs showing source of required
work: adhesive wedges deforming under load.

as the force required to engage the adhesives is in the loading
direction.

The quasi-static thermodynamic energy of adhesion for
bulk PDMS is 0.047mJ/m2. However, even at 70 µm/s, the
work required for peeling at an angle of 40° is 0.2 J m2 [20].
To disengage the adhesives controllably and quickly upon re-
lease (much faster than 70 µm/s), there must be substantially
more energy contained within the springs than the minimum
required for quasi-static disengagement [20]. In the case of
this adhesive, that energy is about 3 J/m2.

Fig. 4 region (a) shows the force-displacement profile for
a 25mm square patch of adhesives (assuming the force dis-
placement curve to be linear). This represents the minimum
spring energy necessary for the system to operate at full
load. Any real system will have additional springs that will
be loaded and other losses, but the adhesives themselves need
at least this force and displacement to function at maximum
capacity. Therefore a robot that fully uses this adhesive must
have at least this work available per cycle in its actuators to
engage and disengage the adhesion. As with insects, the work
required per cycle reduces with decreased loading because
the adhesive only engages the amount necessary to support
the load.
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Fig. 5: Effective dragging payload capacity (in robot body
weights) for a 12 g, 25mm cube robot on a variety of surfaces
sorted by coefficient of friction (also shown for reference).

III. PRACTICAL CONSIDERATIONS

A. Work Surface Selection
The choice of work surface material presents a unique

opportunity to maximize the effective impact of the adhesive
robot. While choosing a material on which the adhesive
performs well is obvious, it is this measure combined with
the force required to move the payload that matters.

At the limit of function, the maximum adhesive shear
force, F

s

, on the proposed work surface will equal the friction
of the maximum draggable payload or F

p

. For a stainless
steel payload,

F
s

= F
p

= µ
ss

m
p

g (1)

where µ
ss

is the coefficient of friction for the payload on
the work surface, m

p

is the mass of the payload in kg, and
g is the acceleration due to gravity in m/s2. We define a
normalized performance metric as:

m
p

m
robot

=
F
s

µ
ss

g
(2)

where m
robot

is the mass of the robot in kg. For example,
if an ant has a normalized performance of 100, then it can
drag 100 times its weight.

Figure 5 shows a range of measured coefficients of fric-
tion with corresponding normalized performances. A 1 kg
machined stainless steel lab weight was used to measure co-
efficients of friction. Normalized performance was measured
using a 25mm square robot weighting 12 g with controllable
adhesive on the bottom.

Note that the results are not strictly correlated with the co-
efficients of friction. Teflon (label a) and powder-coated steel
(b) have very different adhesive performances yet similar
coefficients of friction. Teflon and polished concrete (c) have

If you are small,
and friction is
inadequate,
exploit adhesion!

(a) Required work to load adhesive, (b) corresponding 
force. (c) Piezo and EPAM actuators match poorly,  
(d,e) SMA and motor match better

Video: http://youtu.be/IvXGjSPOR0w

http://youtu.be/IvXGjSPOR0w
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Video: https://youtu.be/X_iyLWsrPGg

https://youtu.be/X_iyLWsrPGg


Sensing: detect and react to changes 
in interactions with the environment
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Sometimes under-actuation, compliance and mechanical robustness do not suffice… 

Video: https://www.youtube.com/watch?v=270CKEXGAno

https://www.youtube.com/watch?v=270CKEXGAno
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When climbing or perching on a window:
do we have a good grip?

Above: Adhesion sensor detects non-uniform
loading.
Right: Comparing normal and shear forces with
adhesion limit surface allows loading adjustment



Multi-axis capacitive tactile sensing
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Video: http://youtu.be/3yzSvtY-5JM

D. M. Aukes, M. R. Cutkosky, S. Kim, J. Ulmen, P. Garcia, H. Stuart, and A. Edsinger, “Design and Testing of a Selectively 
Compliant Underactuated Hand,” International Journal of Robotics Research, v. 33, pp. 721-725.

http://youtu.be/3yzSvtY-5JM
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• New tactile array sensors are fast 
enough for dynamic tactile 
sensing and interpretation  
(e.g. using coherence)

• Sensing is improving, but still 
impoverished compared to 
animals

Heyneman & Cutkosky "Slip Classification for Dynamic Tactile Array Sensors," IJRR (2015)
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Video: http://youtu.be/xhtbprB5Rqs

http://youtu.be/xhtbprB5Rqs
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Biological Inspiration

• Control heirarchy 
– Passive component 
– Active component
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Fig. 4: Top: (a) Required work for loading 25mm square ad-
hesive. Due to actuator force-displacement shape mismatch,
piezoelectric and EPAM actuators (c) require a stated work
cycle capability of at least four times this minimum value
to achieve full engagement (b). SMA (d) and motors (e)
are a better match, only wasting half of their work cycle
specification, up to the star symbol at center. Unused actuator
capability becomes less important with a larger the total work
per cycle. Bottom: Micrographs showing source of required
work: adhesive wedges deforming under load.

as the force required to engage the adhesives is in the loading
direction.

The quasi-static thermodynamic energy of adhesion for
bulk PDMS is 0.047mJ/m2. However, even at 70 µm/s, the
work required for peeling at an angle of 40° is 0.2 J m2 [20].
To disengage the adhesives controllably and quickly upon re-
lease (much faster than 70 µm/s), there must be substantially
more energy contained within the springs than the minimum
required for quasi-static disengagement [20]. In the case of
this adhesive, that energy is about 3 J/m2.

Fig. 4 region (a) shows the force-displacement profile for
a 25mm square patch of adhesives (assuming the force dis-
placement curve to be linear). This represents the minimum
spring energy necessary for the system to operate at full
load. Any real system will have additional springs that will
be loaded and other losses, but the adhesives themselves need
at least this force and displacement to function at maximum
capacity. Therefore a robot that fully uses this adhesive must
have at least this work available per cycle in its actuators to
engage and disengage the adhesion. As with insects, the work
required per cycle reduces with decreased loading because
the adhesive only engages the amount necessary to support
the load.
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Fig. 5: Effective dragging payload capacity (in robot body
weights) for a 12 g, 25mm cube robot on a variety of surfaces
sorted by coefficient of friction (also shown for reference).

III. PRACTICAL CONSIDERATIONS

A. Work Surface Selection
The choice of work surface material presents a unique

opportunity to maximize the effective impact of the adhesive
robot. While choosing a material on which the adhesive
performs well is obvious, it is this measure combined with
the force required to move the payload that matters.

At the limit of function, the maximum adhesive shear
force, F

s

, on the proposed work surface will equal the friction
of the maximum draggable payload or F

p

. For a stainless
steel payload,

F
s

= F
p

= µ
ss

m
p

g (1)

where µ
ss

is the coefficient of friction for the payload on
the work surface, m

p

is the mass of the payload in kg, and
g is the acceleration due to gravity in m/s2. We define a
normalized performance metric as:

m
p

m
robot

=
F
s

µ
ss

g
(2)

where m
robot

is the mass of the robot in kg. For example,
if an ant has a normalized performance of 100, then it can
drag 100 times its weight.

Figure 5 shows a range of measured coefficients of fric-
tion with corresponding normalized performances. A 1 kg
machined stainless steel lab weight was used to measure co-
efficients of friction. Normalized performance was measured
using a 25mm square robot weighting 12 g with controllable
adhesive on the bottom.

Note that the results are not strictly correlated with the co-
efficients of friction. Teflon (label a) and powder-coated steel
(b) have very different adhesive performances yet similar
coefficients of friction. Teflon and polished concrete (c) have

In summary
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Sensor Fabrication

Sandia Hand: structured light +  
optical tactile sensing

8

For Peer Review

tions through the various transmission elements.

3.6.2 Tactile Sensing

Robotic manipulation, whether for simple grasping
or complex in-hand manipulation, involves manag-
ing fingertip forces while maintaining contact with
objects. As such, high-resolution tactile data can
be extremely useful. Towards this objective, and
with the overall design goals of low cost and robust-
ness in mind, a novel tactile scheme was developed
and implemented.

As described in the previous section, the fin-
ger pads are constructed using a multi-layer con-
struction to exhibit mechanical sti�ness against
shear loads and mechanical compliance under nor-
mal loads. By measuring the deflection of the soft
inner layer, the normal contact forces can be esti-
mated.

To observe this deflection, we implemented a con-
cept from our prior work [74]. The Shore OO 10
silicone was split to first contain a 1 mm thick clear
layer, after which the balance was pigmented white.
Consistent with our prior design, an array of trans-
flective photosensors were embedded below this
clear layer, as shown in Figure 9. Transflective pho-
tosensors are comprised of an LED-phototransistor
pair inside a single package, with a vergence angle
such that the photocurrent varies with both reflec-
tivity and proximity of reflective objects within a
few millimeters of the device. The Shore OO 10 sili-
cone above the clear layer was colored with a white
pigment to create a reflective surface that moves
closer to the sensors with normal surface loads. The
variance in proximity of the white layer produces
a varying photocurrent, which is passed through a
transimpedance amplifier and low-pass filter before
being digitized by a 16-bit analog-to-digital con-
verter.

Rigid-flex circuit boards were created to fit this
circuitry into the space constraints of the robotic
fingers. Rigid-flex constructions allow for high-
density, multi-layer circuitry on a portion of the
assembly, with a subset of the copper layers then
continuing outside the fiberglass core and being
covered by flexible polymide film. As shown in
Figure 10, the rigid portion includes the vast ma-
jority of the components and is routed on six lay-
ers, whereas the flexible portion includes only the
photosensor array. When installed into the robotic

Figure 9: Section view of the finger skin showing
optical tactile sensors.

Figure 10: Rigid-flex circuit assembly to provide
tactile sensing.

finger, the rigid portion resides inside the finger vol-
ume, and the flex portion wraps around the slightly
conical outside of the finger core, which is covered
with a protective “window frame,” to secure the
photosensors against shear loads, and then is cov-
ered with the multi-layer silicone skin. This sensor
concept was also implemented on the palm skin in
the same fashion.

By varying the durometers and thicknesses of
each respective silicone layer, a variety of sensor
characteristics can be tuned, such as sensitivity,
range, and mechanical toughness. For the robotic
hand described in this paper, the layer thicknesses
and durometers were chosen experimentally to seek
a balance between these properties to allow sens-
ing of handheld tool manipulation. A representa-
tive plot of the raw sensor response to repeated cy-
cles of loading and unloading a 2-gram US penny
is shown in Figure 11, demonstrating that these
2-gram loads are far above the noise floor of the
sensor.
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Figure 13: Laser line generator mounted to a
robotic finger.

Figure 14: Fine detail of a finger-mounted laser line
scanner.

tor, and laser speckle generator as methods to in-
ject light and generate depth data, comparing those
data to passive stereo depth data.

The pico projector was used to create di�erence
images of horizontal bars at various scales, as shown
in Figure 12. Pixel-wise depth estimates are then
obtained by classifying each pixel of each frame as
{0, 1, indeterminate}, and converting the resulting
binary string to its unique plane emerging from the
projector. The intrinsic calibration of the camera
then produces a ray, which intersects this plane and
produces a 3D estimate. While this method pre-
serves sharp depth discontinuities due to indepen-
dent pixel-wise estimation, eye–safe standards re-
strict the brightness of this specific projector tech-
nology to be too low for normal ambient lighting
conditions.

Significant gains in brightness and corresponding
signal-to-noise ratio over the project could be ob-
tained by using a laser-line generator (LLG) since
the eye–safe optical energy of the laser is collapsed

Figure 15: Comparison of three depth mapping
techniques. Shown are raw images and depth data
for passive stereo (left), laser speckle generated un-
structured light (center), and laser line generated
structured light (right).

onto a 1-D line, instead of a 2-D surface. The LLG
was mounted on the back of a finger (Figure 13)
which was then moved to sweep the laser line across
the scene. Camera images were then processed fol-
lowing established image-processing techniques for
laser line scanners. While the use of an LLG en-
ables perception with fine detail, scans are time
consuming. The scans shown in Figure 14 were ac-
quired in approximately one minute and assembled
from 300 positions of the finger-mounted laser line
generator. A laser speckle generator (LSG), which
produces unstructured light, was found to produce
depth data much faster than the LLG, with a sig-
nificant reduction in data density and accuracy.

A comparison of these three methods is shown
in Figure 15 on a scene of an envisioned future
application of the robotic hand: grasping a cof-
fee mug from a table. As is common in artificial
workspaces, the scene o�ers little texture for pas-
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tions through the various transmission elements.

3.6.2 Tactile Sensing

Robotic manipulation, whether for simple grasping
or complex in-hand manipulation, involves manag-
ing fingertip forces while maintaining contact with
objects. As such, high-resolution tactile data can
be extremely useful. Towards this objective, and
with the overall design goals of low cost and robust-
ness in mind, a novel tactile scheme was developed
and implemented.

As described in the previous section, the fin-
ger pads are constructed using a multi-layer con-
struction to exhibit mechanical sti�ness against
shear loads and mechanical compliance under nor-
mal loads. By measuring the deflection of the soft
inner layer, the normal contact forces can be esti-
mated.

To observe this deflection, we implemented a con-
cept from our prior work [74]. The Shore OO 10
silicone was split to first contain a 1 mm thick clear
layer, after which the balance was pigmented white.
Consistent with our prior design, an array of trans-
flective photosensors were embedded below this
clear layer, as shown in Figure 9. Transflective pho-
tosensors are comprised of an LED-phototransistor
pair inside a single package, with a vergence angle
such that the photocurrent varies with both reflec-
tivity and proximity of reflective objects within a
few millimeters of the device. The Shore OO 10 sili-
cone above the clear layer was colored with a white
pigment to create a reflective surface that moves
closer to the sensors with normal surface loads. The
variance in proximity of the white layer produces
a varying photocurrent, which is passed through a
transimpedance amplifier and low-pass filter before
being digitized by a 16-bit analog-to-digital con-
verter.

Rigid-flex circuit boards were created to fit this
circuitry into the space constraints of the robotic
fingers. Rigid-flex constructions allow for high-
density, multi-layer circuitry on a portion of the
assembly, with a subset of the copper layers then
continuing outside the fiberglass core and being
covered by flexible polymide film. As shown in
Figure 10, the rigid portion includes the vast ma-
jority of the components and is routed on six lay-
ers, whereas the flexible portion includes only the
photosensor array. When installed into the robotic

Figure 9: Section view of the finger skin showing
optical tactile sensors.

Figure 10: Rigid-flex circuit assembly to provide
tactile sensing.

finger, the rigid portion resides inside the finger vol-
ume, and the flex portion wraps around the slightly
conical outside of the finger core, which is covered
with a protective “window frame,” to secure the
photosensors against shear loads, and then is cov-
ered with the multi-layer silicone skin. This sensor
concept was also implemented on the palm skin in
the same fashion.

By varying the durometers and thicknesses of
each respective silicone layer, a variety of sensor
characteristics can be tuned, such as sensitivity,
range, and mechanical toughness. For the robotic
hand described in this paper, the layer thicknesses
and durometers were chosen experimentally to seek
a balance between these properties to allow sens-
ing of handheld tool manipulation. A representa-
tive plot of the raw sensor response to repeated cy-
cles of loading and unloading a 2-gram US penny
is shown in Figure 11, demonstrating that these
2-gram loads are far above the noise floor of the
sensor.
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Fig. 4: Top: (a) Required work for loading 25mm square ad-
hesive. Due to actuator force-displacement shape mismatch,
piezoelectric and EPAM actuators (c) require a stated work
cycle capability of at least four times this minimum value
to achieve full engagement (b). SMA (d) and motors (e)
are a better match, only wasting half of their work cycle
specification, up to the star symbol at center. Unused actuator
capability becomes less important with a larger the total work
per cycle. Bottom: Micrographs showing source of required
work: adhesive wedges deforming under load.

as the force required to engage the adhesives is in the loading
direction.

The quasi-static thermodynamic energy of adhesion for
bulk PDMS is 0.047mJ/m2. However, even at 70 µm/s, the
work required for peeling at an angle of 40° is 0.2 J m2 [20].
To disengage the adhesives controllably and quickly upon re-
lease (much faster than 70 µm/s), there must be substantially
more energy contained within the springs than the minimum
required for quasi-static disengagement [20]. In the case of
this adhesive, that energy is about 3 J/m2.

Fig. 4 region (a) shows the force-displacement profile for
a 25mm square patch of adhesives (assuming the force dis-
placement curve to be linear). This represents the minimum
spring energy necessary for the system to operate at full
load. Any real system will have additional springs that will
be loaded and other losses, but the adhesives themselves need
at least this force and displacement to function at maximum
capacity. Therefore a robot that fully uses this adhesive must
have at least this work available per cycle in its actuators to
engage and disengage the adhesion. As with insects, the work
required per cycle reduces with decreased loading because
the adhesive only engages the amount necessary to support
the load.
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Fig. 5: Effective dragging payload capacity (in robot body
weights) for a 12 g, 25mm cube robot on a variety of surfaces
sorted by coefficient of friction (also shown for reference).

III. PRACTICAL CONSIDERATIONS

A. Work Surface Selection
The choice of work surface material presents a unique

opportunity to maximize the effective impact of the adhesive
robot. While choosing a material on which the adhesive
performs well is obvious, it is this measure combined with
the force required to move the payload that matters.

At the limit of function, the maximum adhesive shear
force, F

s

, on the proposed work surface will equal the friction
of the maximum draggable payload or F

p

. For a stainless
steel payload,

F
s

= F
p

= µ
ss

m
p

g (1)

where µ
ss

is the coefficient of friction for the payload on
the work surface, m

p

is the mass of the payload in kg, and
g is the acceleration due to gravity in m/s2. We define a
normalized performance metric as:

m
p

m
robot

=
F
s

µ
ss

g
(2)

where m
robot

is the mass of the robot in kg. For example,
if an ant has a normalized performance of 100, then it can
drag 100 times its weight.

Figure 5 shows a range of measured coefficients of fric-
tion with corresponding normalized performances. A 1 kg
machined stainless steel lab weight was used to measure co-
efficients of friction. Normalized performance was measured
using a 25mm square robot weighting 12 g with controllable
adhesive on the bottom.

Note that the results are not strictly correlated with the co-
efficients of friction. Teflon (label a) and powder-coated steel
(b) have very different adhesive performances yet similar
coefficients of friction. Teflon and polished concrete (c) have

Sensor Fabrication
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tions through the various transmission elements.

3.6.2 Tactile Sensing

Robotic manipulation, whether for simple grasping
or complex in-hand manipulation, involves manag-
ing fingertip forces while maintaining contact with
objects. As such, high-resolution tactile data can
be extremely useful. Towards this objective, and
with the overall design goals of low cost and robust-
ness in mind, a novel tactile scheme was developed
and implemented.

As described in the previous section, the fin-
ger pads are constructed using a multi-layer con-
struction to exhibit mechanical sti�ness against
shear loads and mechanical compliance under nor-
mal loads. By measuring the deflection of the soft
inner layer, the normal contact forces can be esti-
mated.

To observe this deflection, we implemented a con-
cept from our prior work [74]. The Shore OO 10
silicone was split to first contain a 1 mm thick clear
layer, after which the balance was pigmented white.
Consistent with our prior design, an array of trans-
flective photosensors were embedded below this
clear layer, as shown in Figure 9. Transflective pho-
tosensors are comprised of an LED-phototransistor
pair inside a single package, with a vergence angle
such that the photocurrent varies with both reflec-
tivity and proximity of reflective objects within a
few millimeters of the device. The Shore OO 10 sili-
cone above the clear layer was colored with a white
pigment to create a reflective surface that moves
closer to the sensors with normal surface loads. The
variance in proximity of the white layer produces
a varying photocurrent, which is passed through a
transimpedance amplifier and low-pass filter before
being digitized by a 16-bit analog-to-digital con-
verter.

Rigid-flex circuit boards were created to fit this
circuitry into the space constraints of the robotic
fingers. Rigid-flex constructions allow for high-
density, multi-layer circuitry on a portion of the
assembly, with a subset of the copper layers then
continuing outside the fiberglass core and being
covered by flexible polymide film. As shown in
Figure 10, the rigid portion includes the vast ma-
jority of the components and is routed on six lay-
ers, whereas the flexible portion includes only the
photosensor array. When installed into the robotic

Figure 9: Section view of the finger skin showing
optical tactile sensors.

Figure 10: Rigid-flex circuit assembly to provide
tactile sensing.

finger, the rigid portion resides inside the finger vol-
ume, and the flex portion wraps around the slightly
conical outside of the finger core, which is covered
with a protective “window frame,” to secure the
photosensors against shear loads, and then is cov-
ered with the multi-layer silicone skin. This sensor
concept was also implemented on the palm skin in
the same fashion.

By varying the durometers and thicknesses of
each respective silicone layer, a variety of sensor
characteristics can be tuned, such as sensitivity,
range, and mechanical toughness. For the robotic
hand described in this paper, the layer thicknesses
and durometers were chosen experimentally to seek
a balance between these properties to allow sens-
ing of handheld tool manipulation. A representa-
tive plot of the raw sensor response to repeated cy-
cles of loading and unloading a 2-gram US penny
is shown in Figure 11, demonstrating that these
2-gram loads are far above the noise floor of the
sensor.
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Figure 13: Laser line generator mounted to a
robotic finger.

Figure 14: Fine detail of a finger-mounted laser line
scanner.

tor, and laser speckle generator as methods to in-
ject light and generate depth data, comparing those
data to passive stereo depth data.

The pico projector was used to create di�erence
images of horizontal bars at various scales, as shown
in Figure 12. Pixel-wise depth estimates are then
obtained by classifying each pixel of each frame as
{0, 1, indeterminate}, and converting the resulting
binary string to its unique plane emerging from the
projector. The intrinsic calibration of the camera
then produces a ray, which intersects this plane and
produces a 3D estimate. While this method pre-
serves sharp depth discontinuities due to indepen-
dent pixel-wise estimation, eye–safe standards re-
strict the brightness of this specific projector tech-
nology to be too low for normal ambient lighting
conditions.

Significant gains in brightness and corresponding
signal-to-noise ratio over the project could be ob-
tained by using a laser-line generator (LLG) since
the eye–safe optical energy of the laser is collapsed

Figure 15: Comparison of three depth mapping
techniques. Shown are raw images and depth data
for passive stereo (left), laser speckle generated un-
structured light (center), and laser line generated
structured light (right).

onto a 1-D line, instead of a 2-D surface. The LLG
was mounted on the back of a finger (Figure 13)
which was then moved to sweep the laser line across
the scene. Camera images were then processed fol-
lowing established image-processing techniques for
laser line scanners. While the use of an LLG en-
ables perception with fine detail, scans are time
consuming. The scans shown in Figure 14 were ac-
quired in approximately one minute and assembled
from 300 positions of the finger-mounted laser line
generator. A laser speckle generator (LSG), which
produces unstructured light, was found to produce
depth data much faster than the LLG, with a sig-
nificant reduction in data density and accuracy.

A comparison of these three methods is shown
in Figure 15 on a scene of an envisioned future
application of the robotic hand: grasping a cof-
fee mug from a table. As is common in artificial
workspaces, the scene o�ers little texture for pas-
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tions through the various transmission elements.

3.6.2 Tactile Sensing

Robotic manipulation, whether for simple grasping
or complex in-hand manipulation, involves manag-
ing fingertip forces while maintaining contact with
objects. As such, high-resolution tactile data can
be extremely useful. Towards this objective, and
with the overall design goals of low cost and robust-
ness in mind, a novel tactile scheme was developed
and implemented.

As described in the previous section, the fin-
ger pads are constructed using a multi-layer con-
struction to exhibit mechanical sti�ness against
shear loads and mechanical compliance under nor-
mal loads. By measuring the deflection of the soft
inner layer, the normal contact forces can be esti-
mated.

To observe this deflection, we implemented a con-
cept from our prior work [74]. The Shore OO 10
silicone was split to first contain a 1 mm thick clear
layer, after which the balance was pigmented white.
Consistent with our prior design, an array of trans-
flective photosensors were embedded below this
clear layer, as shown in Figure 9. Transflective pho-
tosensors are comprised of an LED-phototransistor
pair inside a single package, with a vergence angle
such that the photocurrent varies with both reflec-
tivity and proximity of reflective objects within a
few millimeters of the device. The Shore OO 10 sili-
cone above the clear layer was colored with a white
pigment to create a reflective surface that moves
closer to the sensors with normal surface loads. The
variance in proximity of the white layer produces
a varying photocurrent, which is passed through a
transimpedance amplifier and low-pass filter before
being digitized by a 16-bit analog-to-digital con-
verter.

Rigid-flex circuit boards were created to fit this
circuitry into the space constraints of the robotic
fingers. Rigid-flex constructions allow for high-
density, multi-layer circuitry on a portion of the
assembly, with a subset of the copper layers then
continuing outside the fiberglass core and being
covered by flexible polymide film. As shown in
Figure 10, the rigid portion includes the vast ma-
jority of the components and is routed on six lay-
ers, whereas the flexible portion includes only the
photosensor array. When installed into the robotic

Figure 9: Section view of the finger skin showing
optical tactile sensors.

Figure 10: Rigid-flex circuit assembly to provide
tactile sensing.

finger, the rigid portion resides inside the finger vol-
ume, and the flex portion wraps around the slightly
conical outside of the finger core, which is covered
with a protective “window frame,” to secure the
photosensors against shear loads, and then is cov-
ered with the multi-layer silicone skin. This sensor
concept was also implemented on the palm skin in
the same fashion.

By varying the durometers and thicknesses of
each respective silicone layer, a variety of sensor
characteristics can be tuned, such as sensitivity,
range, and mechanical toughness. For the robotic
hand described in this paper, the layer thicknesses
and durometers were chosen experimentally to seek
a balance between these properties to allow sens-
ing of handheld tool manipulation. A representa-
tive plot of the raw sensor response to repeated cy-
cles of loading and unloading a 2-gram US penny
is shown in Figure 11, demonstrating that these
2-gram loads are far above the noise floor of the
sensor.
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