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1 Introduction 1

1 Introduction

Nature has developed numerous animals that are capable of overcoming a broad variety

of terrains. From meter scale to micrometer scale, evolution has pressured animals to

develop mechanisms that enable them to survive in extreme terrains and locomote on a

variety of surfaces [24]. Engineers use natures examples to recreate locomotion capabil-

ities of animals with artificial devices. State of the art legged robots at meter scale are

capable of flying, swimming, walking, climbing and jumping.

At insect scale, reproducing natures mechanisms causes further challenges. Off the

shelf actuation, power and control do not exist and new processes are required to create

lightweight articulated mechanisms at this scale. The Harvard Ambulatory Microrobot

(HAMR) is a 1.27g insect-scale robot that is capable of a legged locomotion at 0.35m/s.

This thesis focuses on the optimisation of HAMR and its capability to overcome obstacles

and inclined surfaces.

1.1 Bio-inspired role models for legged locomotion

Before describing the challenges of inclined locomotion and the challenges for insect-scale

robots, the fundamental physical laws of legged locomotion in nature have to be known.

Legged locomotion is a periodic motion of one or more extremities that creates a forward

propulsion. The extremities of animals have multiple components whose interactions are

crucial for a successful and efficient locomotion. Joints, rigid elements, muscles and com-

pliant segments form the legs that create a non constant force against the environment,

causing the animal to move. The contact point where the force is transmitted between an-

imal and environment is concentrated at the animals feet and the contact force or ‘ground

reaction force’(GRF) is distributed across these feet.

GRF vectors are directed in vertical and horizontal direction and depend on the mode of

locomotion, number of legs and type of foot. The horizontal part of the GRF is mostly

a friction force that is necessary to create a forward propulsion and the vertical part is

a result of the energy conversion within the extremity components. The change of GRF

during a gait cycle is caused by the transformation of kinetic energy into potential energy,

a principle that is used without exception by all legged animals [39] and a consequence

of the interaction of extremity components. Differences between animals can be found in

GRF characteristics for animals with different number of legs, between animals at differ-

ent body scales and for animals with and without a tail [27].

In addition to the geometry of the animals body, changes in the terrain also cause the

dynamics of the GRF to change. For inclined locomotion the ratio between vertical and
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Figure 1: Different GRF for animals with different number of legs [24]

horizontal GRF has to change to make a forward propulsion possible. Furthermore, for

higher inclines, an adhesive force has to be available. To create high friction forces and

adhesive normal forces nature shows a variety of different mechanisms. Three such mech-

anisms are considered for this thesis.

Ants have to be able to walk upside down on smooth plant surfaces. Oecophylla smarag-

dina ants use a combination of highly dynamic adhesive pads and a pair of claws. Their

feet consist of a liquid-filled, soft and movable cuticle structure called Arolium as well

as a five-segmented tarsus [28]. By rotating the claws, the adhesive Arolium is laterally

extended and the contact area between liquid and surface is controlled. This mechanism

allows for an active adhesion control where adhesive forces between zero and 0.5 mN can

be achieved (approximately 100 times the ants body weight).

Figure 2: Foot claw - adhesive pad system of Oecophylla smaragdina ant [courtesy of C.Castro]
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Geckos use Van-der-Waals (VdW) forces to create a strong normal adhesion on a broad

variety of rough and smooth surfaces. Their feet are built of lamellae (1-2 mm in length)

that dissect to 107 hairs with sizes between 0.1-0.3 µm in length and 0.01 µm ø. If the

hairs get in close proximity to a surface, VdW forces are induced that create a contact

pressure[32].

The gecko-foot structure and its attachment/detachment mechanism allow adhesive forces

up to 20N, a running speed of 1m/s, an attachment time of 8 ms and a detachment time

of 16ms.

Figure 3: a) Structure of Gecko foot, b) Attachment/detachment mechanism of gecko toes [32]

The third design by nature that is considered for this thesis is the climbing mechanism

found in Nauphoeta cinerea cockroaches. Similar to ants, cockroaches use a hybrid so-

lution of claws and adhesive pads (euplantae), at which the claws are used to generated

normal adhesive forces as well. The principle of Micro spines will be explained in chapter

3. Furthermore, cockroaches use a full body adaption and the principles of distributed

feet when confronted with obstacles. The use of a distributed foot emphasises that nature

uses hybrid solutions for inclined locomotion.

1.2 State of the art legged robotics

Analogous to mechanisms found in nature, robotics try to use compliant structures and

materials to increase their efficiency. When comparing state of the art robots, the effi-

ciency of their locomotion is often used as parameter and can be expresses by the Froude

Number and the specific resistance. Before introducing state of the art compliant robots,

the Froude number and the specific resistance are introduced:

• the Froude number is a nondimensional quantification of locomotion speed

F = vloc/
√
gl,

• the specific resistance is a nondimensional measure of energetic efficiency

ε(vloc) = P (vloc)/mgvloc

where vloc is the locomotion speed, g is gravitational force, l is the leg length, m is

the total mass and P is the average power expenditure.
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The lowest specific resistance can be found on the Bow-leg Hopper. BLH can recover 70%

of its energy between each step by using an energetically optimised arched leg. Hence,

BLH shows that high efficiencies can be mimicked by robots with compliant materials.

RHex, a 50cm long robot, also uses arched, compliant legs. Due to its compliant and

distributed leg design RHex is capable to locomote through rough terrain.

iSprawl and DASH are 6-legged lightweight robots that focus on specialised propulsion

and fabrication methods. DASH is is built by smart composite microstructure process-

ing (SCM). This process incorporates compliant materials in the transmission mechanism

minimising the overall weight and size of the robot. iSprawl mimics passive control mecha-

nisms found in cockroaches by using pneumatic pistons to create a tripod gait and flexible

hip joints to navigate the locomotion.

Spinybot and Mini-Whegs are climbing robots that imitated the climbing capabilities of

geckos. Neither of the robots can imitate nature at scale and thus have to be scaled up.

The Spinybot is a 50 cm long 4-legged robot that focuses on micro-spine adhesion, found

in cockroaches. The robot uses precise loading and attachment trajectories of his feet to

engage on rough surfaces and to create normal adhesion forces.

One also has to mention that the legged robots are either 6-legged or have a flexible

spine and a tail. This is due to the necessary stability during a gait cycle. The only ways

to guarantee a tripod-stand at all time are a higher number of legs or a spine that com-

pensates fluctuating distances between the legs. Furthermore, for robots at smaller scale

the specific resistance increases as the cost of transportation is higher and the efficiency

is decreasing. Shown in table 1, the different resistances are recorded in relation to the

robots leg length.

Robot Leg length Froude number Specific resistance Distributed foot
RHex 0.175 m 2.1 0.6 Yes

Bow Leg Hopper 0.25 m 0.6 0.06 Yes
iSprawl 0.15 m 1.9 1.75 No
DASH 0.03 m 2.8 1.36 No

HAMR-V ≈ 1.1 cm 1.1 11.1 No

Table 1: Performance of different compliant legged robots [54]



1.3 State of the art fabrication methods 5

Figure 4: a)RHex b) Mini-Whegs, c) Stickybot, d) DASH, e) iSprawl, f) Bow-Leg Hopper and
g) Spinybot [4],[20],[54],[50]

1.3 State of the art fabrication methods

Overcoming the higher resistance to imitate nature at insect scales will be a milestone in

robotics and other fields of engineering. Besides the higher cost of transportation prob-

lems, micro- and meso-scale robots also suffer from design and fabrication challenges. To

overcome these challenges Wood et al. developed a fabrication process termed PC-MEMS

that integrates rigid links and large angle flexure joints through a laser micromachining

and lamination process.

PC-MEMS processing is a cost efficient, highly scalable planar fabrication method, where

multiple layers of composite materials and polymers are laminated together and cut by

a laser micro machining process. Flexible joints and linkages can be integrated and as-

sembled together to create complex mechanisms. PC-MEMS processed joints show high

mechanical efficiency due to low loss flexure joints [52].

Pop-up book MEMS is a design and fabrication methodology developed by Wood et

al. It features the possibility to fabricate articulated three-dimensional microstructures

by combining circuit board printing techniques with laminate fabrication techniques. The

fabrication steps include a complex design process, a multi-layer bonding process, CAD

laser cutting, lamination, a release process and the final assembly [51]. Although pop-
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Figure 5: Rotational flexure mechanism and associated PC-MEMS process

upMEMS cannot compete with high-resolution micromachining the easy and fast self-

assembly is highly desirable for devices above classic surface-micromachined device-sizes.

The design and fabrication of complex mechanical structures that require specialised ma-

terials is possible with popupMEMS. Figure 6 shows the design process of a miniature

model of the famous Wright-flyer.

Figure 6: Fabrication process of popupMEMS Wright-model [51]
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2 Harvard Ambulatory Micro Robot VP fabrication,

control and performance

Inspired by cockroach, ant and gecko, state of the art legged robots range from 10−3m

to 1m in size. Fabricating at-scale micro-robots like the HAMR group particularly face

difficulties in their fabrication process and their actuation. Assembly of the robots, circuit

board fabrication, and micro-scale phenomena challenge engineers to use custom-designed

fabrication methods and high-tech actuators. The HAMR-VP, a 4-legged version of micro-

size robots, is fabricated in a popupMEMS process and actuated by six piezo driven linear

bending cantilever beams.

2.1 Printed Circuit Microelectromechanical Systems fabrication

The HAMR is built of four parts. The Circuit board, the piezoelectric actuator, the spher-

ical five-bar hip joints and the legs. The parts are fabricated separately and assembled in

a popupMEMS process. The popup assembly will be explained in section 2.1.5.

Figure 7: HAMR Circuit board, the spherical five-bar hip joints piezoelectric actuators

Adopted from printed circuit manufacturing, the Printed Circuit Microelectromechanical

Systems fabrication (PC-MEMS ) is used to build the HAMR legs, joints and piezo actu-

ators. This process is a combination of laser machining, dowel pin alignment, standard

linkage lamination and 3D articulated folding. It offers manufacturing tolerances of 1-10

µm and a fabrication scale from 1 to 1000 µm. For each part of the robot, the PC-MEMS

step is described individually.

2.1.1 Piezoelectric actuators

In Microscale robotics, the efficiency and bandwidth of the actuation system is crucial.

To minimise the loss of energy, increase the energy density and bandwidth a piezoelectric

actuation system with bi-morph bending clamped-free cantilever beams is used in the
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HAMR. The voltage driven actuators generate a 50 to 250 µm tip-displacement at a bias

voltage between 100 and 300V. The actuators consist of an uni-directional carbon fibre

sheet that is sandwiched between two 127 µm lead zirconate titanate (PZT ) plates and

one copper-clad FR4 circuit board which are laminated under heat and pressure.

2.1.2 Spherical five-bar hip joints and robot frame

Every HAMR uses 6 piezo actuators to move. Each HAMR leg is controlled by an in-

dividual actuator for the leg lift degree of freedom and by a shared actuator the swing

degree of freedom. The front right leg shares its swing-actuator with the front left leg and

the rear right leg shares its swing-actuator with the rear left leg. A spherical five-bar hip

joint is connecting the actuators with the legs. The hip joint itself is part of the HAMR

frame and couples the up/down movement with the forward/backward movement of the

legs.

The HAMR frame is built of 23 different layers. After pattering and cutting each layer

of kapton, carbon fibre and acrylic adhesive with a 355nm UV diode-pumped solid state

(DPSS ) laser, a five layer standard linkage sub-laminate(SLL) is bonded in 2 hour bond-

ing process. Releasing the heat and pressure bonded structure frees the different SLLs

which are than hand folded into position. The joints are a casselated structure of rigid

carbon and flexible 25um Kapton as seen in figure 6.
J. Micromech. Microeng. 21 (2011) 115021 J P Whitney et al

Figure 1. Exploded view of the alignment tooling used to align and
bond multiple layers in parallel. Release/conformal layers, shown in
red, sandwich the part layers. After stacking layers onto the
alignment pins, the part and tooling are placed in a heated press for
bonding.

dowel pins (1/16in); layer material permitting, alignment holes
are undersized by a few microns to exploit elastic averaging.
In practice, post-lamination alignment is better than 5 µm.
The exact accuracy is difficult to measure since the material
uniformity and edge roughness of our current materials and
machining process are of a similar scale.

We first demonstrate these methods by making a complex
part from a relatively simple layup: with just two rigid layers,
separated by a single adhesive layer, we can form a linked
chain. Figure 2 illustrates the design and process with a
simple two-link version. The resulting 549 link chain is
shown in figure 3. The rigid layers are a pre-cured carbon
fiber laminate, 95 µm thick; each layer is composed of three
plies of unidirectional carbon fiber (33 g m−2 fiber areal weight
per ply), arranged in a 0–90–0 layup and impregnated with a
cyanate ester resin. This material is very strong, stiff and
light. It laser-machines easily and has a low coefficient of
thermal expansion. After lamination and singulation, the chain
is simply lifted out of the frame.

2.3. Pop-up book folding

The chain, though a toy example, demonstrates a complex
topology using just two layers and selective adhesion. While
adding more layers will allow devices of greater complexity,
this ‘3D printing’ approach has several limitations: as part
thickness grows, it is increasingly difficult to make singulation
cuts deep in the part, excess supporting material must be
removed and structural elements aligned normal to the working

carbon fiber

carbon fiber

adhesive

Machining/Lamination Singulation

Figure 2. Layer design and fabrication process for a simple
two-link chain. The adhesive layer is machined so as to prevent
bonding between the rigid layers at the points of overlap. All three
layers are laser-cut, laminated and then released with a second round
of laser machining (‘singulation’).

2 mm

Figure 3. A monolithically fabricated 549-link carbon fiber chain,
made using the methods shown in figure 2. After singulation, the
completed chain is pulled from the frame in one continuous motion.
Each circular link has an internal diameter of 1 mm and an annular
width of 200 µm.

plane are weakened by interleaved adhesive layers. To address
these shortcomings, we have explored folding as an alternative
method for making 3D structures.

To form patterned folding layers in our process, we
machine ‘links’ out of a rigid material, separated by narrow
gaps bridged with a flexible material. These flexures may
serve as either assembly or mechanism folding joints. The
primary challenge with folding is assembly; when working
with a single folding layer, forming complex shapes either
requires many sequential folds (origami) or the handling and
assembly of many separate parts. Assembly would ideally
occur using a single complex part with just one assembly
degree of freedom. A motivating example is a pop-up book,

3

Figure 8: Fabrication process for HAMR frame and multi-layer laminate stock [9]

2.1.3 Legs

The HAMR legs are made of three 0-90-0 carbon fibre layers. The legs are fixed to the

hip-joint and have a foot with minimised contact area. The adjustment and optimisation

of the HAMR feet is part of this thesis and will be discussed in chapter 6.

2.1.4 Circuit board

Double-sided printed circuit boards are manufactured on un-patterned 127µm copper-clad

FR4 boards. After spin-coating photoresist and selective development with DPSS laser,
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Figure 9: HAMR-VP leg design

the copper plates are wet-etched in Ferric Chloride. The Circuit board layout can be seen

in figure 10. The boards are also used to stabilise and separate the HAMR frames during

the assembly.

Figure 10: Printed circuit boards layout and final print

2.1.5 Pop-up assembly

The HAMR-VP is assembled by pop-up book inspired folding and a few manual bonding

steps with cyanoacrylate glue. Pop-up assembly was chosen to reduce the number of

manual assembly steps and thus a reduced manufacturing complexity. A less complex

manufacturing process improves the manufacturing tolerances which leads to a better

locomotion performance [9]. Figure 11 shows the popup folding process.

Figure 11: Final pop-up assembly process of HAMR-VP [9]

2.2 Locomotion

After assembling HAMR-VP and wire bonding it to the off-board control unit the robot

is ready to walk.
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The HAMR locomotion is the result of its leg movement and ranges from 0.1Hz to 70Hz in

gait frequency. Similar to biological systems, the gait is influenced by static and dynamic

system responses. At gait frequencies less than the body resonance of 10Hz, the HAMR

locomotion is considered to be dominated by static system responses. For gait frequencies

greater than 10Hz the locomotion is considered to be dynamic. Locomotion at dynamic

frequencies is strongly affected from compliant material responses and allows aerial phases

of the legs which break the kinematic boundaries of static locomotion. HAMR can achieve

running speed up to 10 bodylengths/second at dynamic frequencies.

2.3 Power-train

The modelling of the mathematical HAMR model is still in progress and final results will

be presented soon but are not part of this thesis. HAMR dynamics are therefore only

empirically available.

The power supply is a 8 channel DC amplifier board, connected directly to the HAMR

circuit board via 40gauge wires. The supply includes a ground, a bias and 6 high-bandwith

signal supplies which power the pieozo-acuators.

2.4 Control and manoeuvrability

Powering the actuators with sinusoidal signals enables two basic motions. A forward/backwards

motion and a crab-like side-wards motion by changing the phasing of the input waveforms

to the piezoelectric actuators.
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3 State of the art artificial dry adhesives

State of the art dry adhesives are chemically non-reactive materials that use nano ma-

chined PDMS polymers with features at micro-scale to create Van-Der-Waals force-interactions.

Inspired by natures gecko example, robots use the same principle to adhere to rough and

even smooth surfaces.

3.1 Gecko adhesion

Geckos use a combination of primary Van-der-Waals forces and secondary capillary forces

to create strong adhesion on extremely smooth surfaces. The existence of Van-Der-Waals

forces was proven by Full et al. due to the indifferent attachment and detachment prop-

erties on hydrophobic and hydrophilic surfaces. The adhesion force, created by Van-Der-

Waals interactions is therefore depending on surface geometry and not surface chemistry

[8]. Artificial dry adhesives are created by replicating this feature geometry. Within the

last 10 years the state of the art artificial gecko feet have explored fibrillar and wedge-

shaped geometries. At different scales, these two options have different influences.

3.2 Different feature scales

• Features at nano-scale (Nano-wires, Nanotubes and Nano-pillars) show strong ad-

hesion properties at highly controlled testing conditions. Using the advantages of

contact area splitting, the adhesion can be doubled [26]. Drawbacks to some ap-

plications are the high normal attachment force, the not controllable adhesion, the

difficult fabrication and the difficult use. Furthermore, nano-feature adhesives are

not reusable and need a almost perfect alignment.

• Features at micro-size enable adhesion at less precise aligned surfaces. Small mis-

alignment angles can be compensated due to the bigger feature geometry. PDMS

Micro-pillars and micro-wedges show strong adhesion at low normal attachment

force and an almost self-cleaning property. Use of micro features enables a bigger

variety of fabrication processes in comparison to nano scale feature fabrication which

leads to a bigger variety of possible geometries and materials.

• Meso-scale features are not usable on smooth surfaces and the overall adhesion is

decreasing due to the relatively small contact area. Nevertheless, fibrillar directional

polymer stalks and micro-spines have proven to be applicable on robotic devices like

the Spinybot [26] due to the controllability of the adhesion.
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3.3 Wedge-shaped adhesives

The artificial dry adhesive introduced by Cutkosky et al. is a micro scale, wedge shaped

soft material that uses van der Waals forces to create a strong normal adhesion and highly

directional sheer forces. Figure 12 shows unloaded and loaded adhesives.

Figure 12: Wedge-shaped dry adhesives, unloaded and loaded

3.4 Adhesion models

To describe fibrillar adhesion in a mathematical model, Savkor and Briggs extended the

Johnson-Kendall-Roberts model to describe the normal force between two hemispherical

bodies by including sheer stress. The normal force FN between two polymer hemispheres

can then be modelled the as:

FN = −3

2
πγR +

1

4γπR
F 2
S , (3.1)

where FS is the sheer force, R is the radius of the hemisphere and γ is the surface energy

[38].

To describe the gecko adhesion, a fricional-adhesion model was proposed by Full et al.

For wedge-shaped dry adhesives a combination of this frictional-adhesion model and an

elastic beam theory model can be used. On the one hand the frictional force is determined

by the contact area between the fibrillar or wedge shaped adhesive and a surface.

Ffric = µ · (b ·L ·

van der Waals contact pressure︷ ︸︸ ︷
A

6 ·π ·D3
)︸ ︷︷ ︸

induced normal adhesive force

(3.2)

On the other hand, the contact area is depending on the bending energy of the adhesive. A

stiffer material will bend less and thus create less contact force. Cutkosky et al. proposed

to use the model of Frisch-Fay et al. The deformation strain energy of a beam can be

calculated as:

U =

∫ L

0

EI(s)

2
(
dφ

ds
)2ds, (3.3)
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where s is the arc-length, φ is the tangent angle along the beam length, E is the elastic

modulus and I is the moment of inertia.

Figure 13.1 shows the induced van der Waals normal pressure on a single beam. Fig-

ure 13.2 shows a limit curve that describes the relation between FN and FS. Limit curves

can be used to describe stable combinations (no slipping, no failure) of FS and FN . The

function between FS and FN shows a convex area that is asymmetric to the origin and

includes the origin. For regions of FN and FS within this convex area, a stable contact

force is given. This model covers the fact that the directional adhesive creates a normal

force that is different for loads in direction of the adhesive to loads against the direction

of the adhesive. Furthermore, it includes the asymmetric attachment and detachment

forces.

Figure 13: Van der Waals induced normal pressure (top) and frictional adhesion limit curve
(bottom).



3.5 Fabrication methods 14

3.5 Fabrication methods

The dry adhesives, designed by Cutkosky et al. are following are simple fabrication

process. A CNC-machining process prepares a block of wax within four back to back

steps to be used as a mould [23]. The CNC protocol is the following.

1. In a first milling process, old moulding material is removed;

2. The second milling process flattens the wax surface;

3. During the third milling process a polytetrafluoroethylene (PTFE)-coated steel dis-

posable microtome blade (Delaware Diamond Knives D554X) guarantees that the

surface is parallel to the blade;

4. The final milling step is the actual moulding process. The blade follows a trajectory,

computed with a simple Matlab code, and creates wedge shaped moulds. Figure 14

shows the moulding process and the blade-trajectory for a single mould.

Figure 14: Moulding process and cnc-blade trajectory [23]

Finally, Polydimethylsiloxan (PDMS) is casted on the mold and cured at room tempera-

ture over 24 hours.
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4 State of the art electro-adhesives

4.1 Introduction

Artificial dry adhesives face one big problem. The adhesion can only be controlled me-

chanically. SRI International introduced a method where the adhesion can be controlled

electrically and no mechanical detachment mechanism is necessary. Electroadhesion is a

method that uses electric field forces to create an attracting force between two compliant

surfaces.

By charging a single capacity that is isolated by an dielectric material and in contact

with a polarisable surface, a surface charge is induced on that surface. Positive and

negative charges are then creating a strong field force. The force can be calculated as

F = Aεdεv
∆V 2

2d2
, (4.1)

where d is the thickness of the dielectric insulator, A is the area of the capacity, εv and εd

are the dielectric permittivity and vacuum permittivity and ∆V is the potential between

surface and capacity.

The normal force between the polarisable surface (metal, glass, wood or concrete) and

the capacity is a function of V 2, d2 and the area. Reducing the area and implementing a

structure of alternating positively and negatively charged capacities as shown in figure 15

has the advantage that a secondary sheer force can be induced. This sheer force exceeds

the induced normal force by an order of magnitude. For example the ratio r between

normal force and sheer force of an adhesive with Ecoflex dielectric and carbon black ca-

pacitor inc is r ≈ 35 if the sheer direction is perpendicular to the pattern of alternating

capacities.

Figure 15: Interaction between charged charged capacity and polarisable surface

One also has to mention that the normal force and the sheer force are depending on the

structure of the capacities (circle, ladder, hilbert curve). Here, recent studies show that
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the circle pattern shows the strongest normal force properties, whereas the ladder pat-

tern shows the strongest sheer force results [45][Floreano et al., LIS, Ecole Polytechnique

Federal Lausanne].

4.2 State of the art

Electroadhesion has been successfully implemented in robotic devices. The SRI Wall-

climbing robots range from tracked to legged robots that are fully capable of climbing

polarisable surfaces up to 90o incline. These robots run at a potential of 5kV, a capacity

area of 300-800 cm2 and a dielectric thickness of 300µm. The application of electroad-

hesion on mechanical grippers is used in cleanroom environments on smooth and rough

surfaces.

There is a lack of robots that use electroadhesives due to multiple reasons. In comparison

to dry-adhesives and other adhesion mechanisms the adhesion force of electroadhesives is

low. To create a useful adhesion force a high voltage (≈ 5kV ) must be available and the

extremely thin layer of dielectric material must be almost perfectly aligned. A solution

to these problems is provided by the Harvard Microrobotics Laboratory by combining

features of mechanical and electrostatic adhesives.

4.3 Electrically enhanced dry adhesives

A hybrid system consisting of dry adhesives and electroadhesives can benefit from a

positive feedback loop. The normal force, induced by the electroadhesive helps aligning

the dry adhesive. Better alignment of the dry adhesive leads to a bigger contact area and

thus a higher adhesion. This again decreases the distance between electrode and surface

and increases the effects of the electroadhesives [38]. Spenko and Parness recently showed

that a hybrid adhesive increases the adhesion performance of dry adhesives up to 510%.

It was also shown that the adhesion is depending on the surface roughness and the surface

material. For rough surfaces the hybrid adhesive creates a higher adhesion than the sum

of single electroadhesive and dry adhesive. On smooth surfaces, glass showed the best

adhesion properties [38].

4.4 Detachment

Electroadhesives are built of patterned capacities that create an electric field interaction

with a surface. By patterning the capacities the sheer force can be increased. This is due

to electrostatic repulsion of positive and negative charges. The principle of electrostatic

repulsion can also be used to enhance a detachment mechanism. Confronting the electri-

cally charged surface with a capacity that is equally charged, a negative force is created.

First experiments show that this detachment mechanism can be used in robotic devices.
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4.5 Fabrication methods

There are two major approaches to fabricate electro adhesives. The first approach, devel-

oped at the Microrobotics Laboratory at Harvard University, prints the electrode pattern

onto an insulator and covers it with a thin layer of dielectric polymer. The second ap-

proach uses a moulding setup to print the electrode layout directly onto the dielectric

polymer. Here, the first approach was used. There a two fabrication protocols for the

first approach. They are:

1. (a) Preparation of a copper cladded FR4 board by trimming and cleaning i,

(b) spinncoating Injectorall 7:1 photoresist at 2000rpmfor 45 seconds,

(c) mask etching with a DPSS laser,

(d) wet etching with Ferric Chloride for 600 seconds,

(e) cleaning the boards with Aceton and DI-water,

(f) • polymer coating Ecoflex (Smoothon) in a spinncoating process for 45 seconds at

1500 rpm after degasing the sample resulting in a 50µm polymer layer

or

• polymer coating parylen in a parylen vacuum deposition setup, resulting in a

15µm polymer layer,

(g) release laser cutting of the samples.

2. (a) Prepare a copper cladded FR4 board by trimming and cleaning it with Isopropyl

alcohol,

(b) etching of the final electrode pattern with a DPSS laser,

(c) cleaning of the sample with DI water,

(d) • polymer coating Ecoflex (Smoothon) in a spinncoating process for 45 seconds at

1500 rpm after degasing the sample resulting in a 50µm polymer layer

or

• polymer coating parylen in a parylen vacuum deposition setup, resulting in a

15µm polymer layer,

(e) release laser cutting of the samples.

The final layouts are shown in Figure 16.

Figure 16: Final micro-foot electro adhesives layout
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5 State of the art Micro Spines

5.1 State of the art

Gecko adhesives are not the only interesting adhesion method found in nature. Ants

and Cockroaches use spines that create normal adhesion forces. The micro-scale features

enable them to climb on any surface with asperities of more than 50 µm in height. The

micro-spines found in nature are between 350 and 700 µm. Figure 17 shows the spine

found on a Nauphoeta cinerea cockroach.

Figure 17: Nauphoeta cinerea cockroach leg [50].

Asbeck et al. recently showed that micro-spines can be fabricated artificially and can carry

high loads. Due to the spines geometry not only a high sheer forces can be created but

also a negative normal force. To create an adhesion force the correct loading trajectory

is necessary. The spine has to slide along a surface until it finds an asperity. As soon

as a spine found an asperity to grasp, the overall sheer force acts in normal direction to

the asperity, creating a friction force that is depending on the friction constant µ. This

friction force is in normal direction to the overall surface direction.

FN = µ ·Fn (5.1)

Figure 18.1 shows the transition between the surface FS − FN−system and the asperity

Fs − Fn−system. To visualise the desired attachment trajectory a limit curve can be

used. In Figure 18.2 the attachment process is shown. Starting at the origin the spine is

brought in contact with a surface and slid along until an asperity is found. This creates

a positive normal force and possibly a small sheer force. As soon as an asperity is in

touch with the spine the sheer force starts to grow along a loading curve and the normal

force can be reduced. As the load increases the normal force changes its sign to negative

(adhesive normal force). The maximum adhesive force is depending on asperity and spine

stiffness [3].
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Figure 18: a)FN − FS − system, b) limit curve with optimal attachment trajectory

Asbeck et al. have shown that the perfect stiffness of a spine can be expresses by a 2-D

stiffness matrix: [
δFn

δFs

]
=

[
cxx cxy

cxy cyy

][
δx

δy

]
, (5.2)

where cxx > 0 is as small as possible, cyy > 0 and cxy < 0 are moderate. A full recipe can

be found in [3].

5.2 Fabrication method

To create microspines, two Daiichi Premium Fishing HooksTM with r = 10µm tip radius

are mechanically fixed on HAMR legs at 90o, perpendicular to the coronal plane of the

robot as shown in figure 19.

Figure 19: Microspines mounted on HAMR leg.
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6 HAMR

HAMR locomotion is a precisely tuned interaction of control, actuation and transmission.

All parameters have been optimised for locomotion of the robot on 0o inclined surfaces.

Changing the surface incline, surface roughness or any part of HAMR challenges engineers

to compensate the change in parameters. To be able to do so, a full analysis of the current

state was necessary. The focus was put on HAMR leg trajectories, HAMR body rocking

motion and HAMR leg forces.

• The most obvious difference when changing to inclined locomotion is the change

in ground reaction force (GRF). With increasing incline angle the required friction

force grows. HAMR therefore has to be able to generate the necessary force. For

HAMR - VP this force is generated by its swing actuators. A single actuator testing

system is used to quantify the performance of HAMR actuators.

Figure 20: Single actuator testing platform (left) and actuator characteristics (right).

The piezoelectric actuators used in HAMR - VP create up to F=270 mN blocked

force and a peak to peak free deflection of δ = 350µm if a voltage of 200 V is applied

(see figure 20). The transmission maps the high force and small deflection of the

actuators to a more suitable output at the HAMR feet. Using the transmission ratio

R, the output deflection and out put force can be calculated.

R =
δin
δout

=
Fout

Fin

(6.1)
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For HAMR VP the transmission ratio can be calculated by measuring the geometry

of the hip joint. R of the swing actuator is determined by the distances between leg

fixation and the joint axis and between actuator and joint axis. The theoretically

possible max output force has therefore been determined to be F ≤ 9.5 mN.

Figure 21: Geometric properties of hip joint

We predicted a reduced output force due to internal energy loss in the transmission.

Therefore, a single leg experimental setup was used to further quantify the output

force. Figure 23 shows the setup where the foot is mechanically fixed to a Titanium

17 Nano force sensor. The actuators are then turned on and the force in x direction

is measured. This is possible due to the fact that the actuators produce an almost

constant force that has a maximum at max deflection.

The experiments showed that the leg can only produce Fmax = 5.5mN . A quality

factor (Qtrans ≈ 58%) is introduced to incorporate the energy loss within the trans-

mission.

The single leg set up lacks to simulate the energy loss, found due to the coupling

of left and right side. As mention in section 2.1.2 a single actuator is used to

power both rear or front leg swings. Thus, a second quantification experiment

was conducted where the HAMR was loaded with a dragging weight. The results

showed that at low frequency HAMR is only capable of dragging up to 250mg.

Considering that two legs are used to create a forward propulsion at once, the max
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Figure 22: a) Single leg force in x direction for fixed leg
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Figure 23: a) Single leg force in x direction for fixed leg

force per leg is Fmax = 1.25mN . Therefore a second quality factor was introduced

(Qcoupling ≈ 22%). The max force output can hence be calculated as:

Fmax,out = Fmax,in ·Qcoupling ·Qtrans ·R (6.2)

• The second parameter that was investigated was the body movement of HAMR.

During quasi static locomotion HAMR uses a simple gait principle where diagonal

lift actuators work simultaneously, meaning that front right lift and rear left legs

are down or up at the same time. This creates a non-stable stand phase that

is compensated by a rocking motion in direction to the second rear leg (due to
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inertia forces). Additional to this diagonal rocking motion a rotation with rotation

axis in y direction is introduced by inclined surfaces. Normal GRF of the front

leg and gravitational forces introduce a torque around the rear legs that leads to

an increased backwards rocking motion. Nature and state of the art robots use

different approaches to compensate for these rocking motions that will be introduced

in section 6.1.3.

Figure 24: Roll and pitch angles, quantified by 3D image processing. Full locomotion cycle on
non inclined surface .

• Not only the overall motion of HAMR is crucial for a successful locomotion. The

trajectory of each leg during a full cycle has to be known to determine the robots

climbing capabilities. Especially for attachment and detachment of adhesive feet,

the leg trajectory has to be known. Figure 25 shows the trajectories of the leg tip at

two different signal modes. The test, conducted on a single leg setup clearly show,

that the lift actuator not only creates a movement in z direction but also a strong

motion in y direction, perpendicular to the locomotion direction if the robot.
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Figure 25: Leg trajectory during sinusoidal stroke (left) and leg trajectory during trapezoidal
stroke (right). .

For inclined locomotion and the use of adhesive materials the body motion, leg trajec-

tory and force transmission had to be optimised and based on these results several design

changes can be reasoned.

6.1 Redesign of HAMR-VP

6.1.1 Design consideration and geometry changes

Reducing the backwards rocking motion can be achieved by lowering the center of mass

and shifting it towards the front legs. Insects commonly use a combination of this trick

and a high adhesion performance of the front leg. Unfortunately, shifting the center of

mass towards the front legs will influence the complexity of HAMR control. Animals

at bigger scale use a passive or active tail to compensate for the induced torque and to

enhance the locomotion stability. Full et al. showed that 4-legged animals at 0.1-1m scale

can only overcome inclines if their active tail is used [24].

Ants, cockroaches and bugs are 6 legged and therefore not confronted with an unsta-

ble rocking motion from side to side. By using a synchronised leg coordination a stable

three point stand is always guaranteed. Figure 26 shows the sequence of leg lift up of

ants. Here, the stable tripod stand allows a perfect thorax stabilisation where no rocking

motion is visible.

Finally, increasing the force output poses the biggest challenge. Optimising the trans-

mission by making it more energy efficient has to be considered as well as optimising the

actuator itself. Design paradigms for microscale robots suggest that the robot dimensions

should only be increased in one direction. For example, including another set of actuators
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Figure 26: Ant gait sequence at low frequency. The arrows indicate the next leg that will be
lifted. Lower arrows indicate the ant’s left sided legs, upper arrows indicate the ants right sided
legs.[courtesy of C.Castro] .

instead of increasing the scale of the robot features in 3 dimensions will lead to a higher

performance to weight ratio, as mass will only grow linearly.

Considering these criterions, the HAMR will be re-designed. To create the necessary

force output and to compensate the unstable rocking motion a set of middle legs is in-

cluded and the left leg swings are decoupled from the right leg swings.

6.1.2 Implementation of an ankle joint

HAMR climbing capabilities are depending on the adhesion performance of its feet and the

interaction with the surface. As mentioned in chapter 3, all introduced adhesion methods

require a precise attachment and detachment mechanism. A perfect alignment is crucial

to prevent failure and slipping, although less crucial than for bigger scale robotics. In

comparison to bigger scale robots, the adhesion methods used on HAMR profit from the

smaller scale as misalignment errors cause less adhesion reduction. To guarantee a high

alignment quality a simple ankle joint can be used.

Accordingly, a simple 3 Degrees of Freedom (3DoF) joint was designed and included

into the leg design. The design follows the PC-MEMS fabrication paradigms and the

product is constructed from a single SLL component. The final layout was designed with

popupCAD
TM

, a design software for PC-MEMS processes developed at the Harvard Mi-

crorobtic Lab. The design was optimised by minimising the thickness of the used kapton

layer as well as maximising the length of each hinge and minimising the width of each

joint.

Due to the 3 DoF joint, HAMR is now capable of self-aligning the feet during every

step with minimal normal force.
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Figure 27: 3 DoF ankle joint.

6.1.3 Implementation of a passive tail

Before finalising the design of HAMR 6 popAD, a passive tail was used to show the effect

of reducing the incline induced torque. The tail includes a passive spring that enables a

stable normal force at the tip of the tail.

The walking tests on inclined surfaces show that the implementation of a tail for 4 legged

robots is crucial. The reduced torque leads to a higher normal force on the front legs and a

more balanced force distribution on the swing actuators. Results showed that HAMR-VP

achieves a forward propulsion on 22o inclined surfaces. Without a tail, HAMR was able

to climb only 17o inclines.

6.2 Adapted design and fixation of adhesives

For this project, different adhesion methods were tested on HAMR. Dry adhesives, electro

adhesives and micro spines as introduced in chapter 3, 4 and 5 were designed, fabricated

and attached to HAMR.

• The micro-spine adhesives were mounted according to section 5.2 on the ankle joint.

The orientation of the spines is perpendicular to the surface, due to the limited leg

trajectory of the robot. Angling the spines will increase the normal adhesion but

requires a retrackting stride of the leg and can not be implemented with current

HAMR control signals.

• There are two electro adhesives used for HAMR. The first set of adhesives uses

Ecoflex as a dielectric insulator. The advantage of Ecoflex is its high friction con-

stant µ that allows high Ffr to FN ratios. The second set of electro adhesives uses

parylen. Other than parylen can be applied in a condensation coating process. The

thickness can therefore be tuned precisely and thin layers of 5µm are possible. Fur-

thermore, parylene is fully inert and does not cause a chemical adhesion over time.
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In contrast to Ecoflex, the normal adhesion is not depending on the resting time.

The layouts chosen for HAMR can be seen in figure 16. These layout will cre-

ate an enhanced friction due to its ladder shape. The adhesive was then glued onto

the new ankle joint and connected to a voltage source. High voltage amplifiers are

connected to the adhesive and the control signal was synchronised to HAMR actu-

ator signals. The charging process of the adhesive was started shortly before touch

down of the leg and the discharging process was started when the lift signal reached

its amplitude peak. The voltage amplitude was set to 1kV and the locomotion per-

formance of HAMR was tested. One has to mention that the signal control and

signal isolation was critical and could not be eliminated.

• Finally, dry adhesives were tested. The fabrication process, as introduced in chap-

ter 3, was used to produce wedge-shaped dry adhesives with different aspect ratios,

different stiffnesses and different post-treatments. Crucial for a high performance

was the fixation of the material to the feet, as well as an optimised backing material.

The backing layer was optimised by minimising its thickness to reduce the energy

loss during the attachment phase.

Experiments showed that due to the leg trajectory of HAMR, the highest fric-

tion force is produced in y direction, perpendicular to the locomotion direction. A

friction force in y direction hinders the the leg to properly lift off. Therefore the

structure of the adhesive material had to be aligned with the detachment direction

in y direction. According to the beam bending theory a strong normal adhesion and

friction is then induced in ± x direction and in negative y direction. This is also

verified by the adhesion paradigms proposed by Cutkosky et al., where the perfect

loading and attachment direction is in direction of the maximum stroke [33].

6.3 Different adhesives and expected results

Using the models introduced in chapter 3, the available forces can be predicted for the

designed micro-spines, electro adhesives and dry adhesives. The necessary friction force

per foot to climb an incline of angle α can be calculated as

Ffr,min = sinα · mHAMR +madhesive

2
· g (6.3)

The maximum friction force produced by electro adhesives can be calculated as

Ffr,max = µ · (cosα ·m · g + (Aεdεv
∆V 2

2d2
))
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≈ 0.8 · (cosα · 12.7 + K︸︷︷︸
[0.5−20 mN ]

) [
A2s4V 2 · 10−3

kg ·m3
= mN ],

for a coating between 15 and 100 µm and an electrode surface area of 4-16 mm2.

The maximum friction force produced by dry adhesives can be calculated as

Ffr,max = µ · (cosα ·m · g + L(FN , E, I)︸ ︷︷ ︸
contact length between surface an wedges

· b · A

6 ·π ·D3
),

≈ 0.8 · (cosα · 12.7 + L(FN , E, I) · b · A

6 · π ·D3︸ ︷︷ ︸
[5−10 N/m]

),

depending on the stiffness of the material, and better visualised in a limit curve.

Finally, micro-spines are able to create forces up to their buckling limit or the tensile

strength of the surface asperities. Recent studies show that each spine can withstand

loads up to 70g.

Figure 28: HAMR-VP with redesigned legs, ankles and adhesive feet..
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7 Experiments

After modelling the expected results and designing different adhesive layouts, walking test

were conducted the results compared to the model. For every adhesive, the performance

on horizontal surfaces and on inclined surfaces was tested at low and at hight frequency.

7.1 Experimental setup

All experiments have been conducted on different surface materials with different surface

roughness, on different inclines but on constant control parameters (frequency, signal

amplitude, ramp conditions and signal shapes).

7.1.1 Single leg setup

All legs and feet were tested on a single leg setup. The setup is shown in figure 23 and

included three different surface materials. Cardboard paper was used for micro-spine

adhesives and standard legs without adhesives material and glass was used for gecko-like

dry adhesives and electro adhesives. For every experiment the system was preloaded with

0.6 gramms, equivalent to half of HAMR-VP’s bodyweight. The actuators were excited

with 200V at 0.5Hz.

7.1.2 Locomotion without adhesive feet

First of all, the performance of standard HAMR legs, without adhesive material was

investigated. Speed, slipping percentage and torso movement were quantified.

7.1.2.1 Locomotion on horizontal surfaces: HAMR dynamics at quasi-static and

dynamic domains vary from fully defined, unstable motion to stable motions where bound-

ary conditions between surface and legs are no longer valid. Hence both domains have

been investigated. The testing station, shown in figure 29 recorded the performance of

HAMR at 0.5Hz and 15Hz. The signal amplitude was set to 200V. The signal shape

was sinusoidal for leg swings and sinusoidal or trapezoidal (10% ramp phase) for leg lifts.

Smooth glass and paper were used as surface materials. For high frequency tests, the

motion was recorded with a Phantom High Speed Camera
TM

.

7.1.2.2 Locomotion on inclined surface: Unlike on horizontal surfaces, the high

frequency domain is not the key domain on inclined surfaces. Hence the performance of the

robot on inclines at high frequency was only categorised as ”successful” or ”unsuccessful”.

At low frequency the locomotion performance was recorded on different inclines. The

signal amplitude was set to 200V. The signal shape was sinusoidal for leg swings and

sinusoidal or trapezoidal (10% ramp phase) for leg lifts. Smooth glass and paper were

used as surface materials.
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Figure 29: Experimental setup, including control unit, variable incline stage, different surface
materials and Phantom High Speed Camera

7.1.3 Locomotion with adhesive feet

Secondly the performance of re-designed ankle joint HAMR legs, with adhesive mate-

rial was investigated. Speed, slipping percentage and torso movement were quantified.

Six different dry adhesives (different aspect ratio, different post-treatment), two different

electro-adhesives (different electrode pattern) and one set of micro-spine adhesive were

tested on HAMR after quantifying the adhesion performance on a single leg setup.

The single leg setup used for force quantification is similar to the setup in chapter 6.

Here the foot was not glued onto the surface but loaded with a weight similar to the body

weight of HAMR. The forces were than recorded in x,y and z direction.

7.1.3.1 Locomotion on horizontal surfaces: Again both domains, high and low

frequency, were tested. Information about the detachment performances and slipping

percentages was the motivation for these experiments. The signal amplitude was set to

200V. The signal shape was sinusoidal for leg swings and sinusoidal or trapezoidal (10%

ramp phase) for leg lifts. Smooth glass and paper were used as surface materials.

7.1.3.2 Locomotion on inclined surfaces: The motivation and testing setup on in-

clined surfaces with adhesive feet was similar the motivation and testing setup on inclined

surfaces without adhesive feet. In addition the effect of normal adhesion on the induced
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torque, as introduced in chapter 6, was investigated and the attachment/detachment

performance of front and rear legs was quantified.

7.2 Results

7.2.1 Locomotion without adhesive feet

Slow motion analysis at low frequency shows that HAMR is dragging the unloaded rear

leg across the floor, creating a friction force that is decreasing the locomotion efficiency.

After implementing a tail the dragging percentage of the rear leg is reduced and the

normal force of the front legs increased. HAMR is capable of climbing 3o inclines at low

speed. Implementation of the tail did not improve its climbing performance.

At high frequency, HAMR show long areal phases where boundary conditions are no

longer valid. The torso movement is reduced but not negligible. Forward propulsion is

strongly influenced by the slipping percentage of HAMR feet during the contact phase.

Slipping occurs during more than 50% of contact time and climbing is not possible.

7.2.2 Locomotion with adhesive feet

All designed adhesives have been tested on single leg setups before mounting them to

HAMR.

7.2.2.1 Single leg performance of electro adhesives: Parylen and Ecoflex elec-

tro adhesive show friction forces of 5mN at 1000V, where the performance of Ecoflex is

strongly depending on the contact time. Normal adhesion force reaches 2.5mN (see figure

30).
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Figure 30: Normal forces and shear forces over three cycles of electro adhesive with parylene
coating and ladder electrode pattern.
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7.2.2.2 Single leg performance of dry adhesives: All fabricated dry adhesives

show similar performance on the single leg setup. Friction forces reach 5mN for a normal

preload similar to HAMR weight. Differences were shown between directional and non-

directional adhesives. Detachment of non-directional adhesives was critical and caused

modulations in normal and shear force (see figure 33).
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Figure 31: Normal forces and shear forces over three cycles of directional and non-directional
dry adhesives.

7.2.2.3 Single leg performance of micro-spine adhesives: Due to the limited

leg trajectory of HAMR micro-spines can not be used to create negative normal forces as

detachment would not be possible. The spines are therefore mounted perpendicular to

the surface. The shear force reaches 5.6mN (see figure 32).
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Figure 32: Normal forces and shear forces over three cycles of micro-spine adhesives.
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Overall, strong shear forces reach the performance limit of the actuators. Sufficient adhe-

sive normal forces could only be created for directional adhesives and electro adhesives.
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Figure 33: Performance overview of different adhesives on horizontal surfaces.

7.2.2.4 Locomotion on horizontal surface using electro adhesives: After quan-

tifying the friction forces, the electro adhesives were mounted on HAMR and tested on

horizontal surfaces (glass and paper). Slipping percentage and locomotion performance

were not improved by the adhesive material due to charging and decharging time of the

electrodes. Furthermore, at high frequency the dynamics of HAMR were strongly influ-

enced by the power supply and often electric circuit shorting caused errors.

7.2.2.5 Locomotion on horizontal surface using dry adhesives: Dry adhesives

showed an increase in locomotion performance on all surfaces. Slipping at high frequency

was reduced. Non-directional adhesives showed low detachment performance and loco-

motion was not possible. One also had to mention that there existed a minimum limit

voltage. For signals below 200 V, detachment was not possible and a locomotion was

hindered for all adhesives.

7.2.2.6 Locomotion on horizontal surface using micro-spine adhesives: Micro-

spine adhesives did not enhance the locomotion on horizontal surfaces. The locomotion

was not influenced and the performance was comparable to the performance of HAMR

with non-adhesive feet.

7.2.2.7 Locomotion on inclined surface using electro adhesives: Parylen coated

electro-adhesive showed improved locomotion on inclines up to 10o, due to the higher fric-

tion coefficient of Parylen, compared to non-adhesive feet. Neither at low frequencies nor
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at high frequencies was the HAMR capable of creating an upwards propulsion for more

than 10 o.

7.2.2.8 Locomotion on inclined surface using dry adhesives: On inclines the

different dry adhesives showed differences during detachment only. Directional adhesives

with a wedge height of 100 µm showed the highest improvement on inclines up to 220.

Problematic during the quantification process was the inconsistent performance of HAMR

actuators.

7.2.2.9 Locomotion on inclined surface using micro-spine adhesives: The

climbing abilities were improve to 15o. At higher inclines the induced torque caused

detachment of the front legs.
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Figure 34: Performance overview of different adhesives on inclined surfaces.

7.3 Discussion

The experiments show that electroadhesion is not beneficial for adhesion of micro-scale

robotics and at high frequency domains. Although the fabrication process is simple, the

control and the implementation of electro adhesives is problematic due to the necessary

high voltages.

Micro-spine adhesives are a valid method on rough surfaces. The stiff material proper-

ties allow for highly dynamic motions. Even though micro-spines cannot obviate slipping

completely, an improvement can be shown on rough surfaces. On smooth surfaces micro

spines are not useful on HAMR. Overcoming higher inclines will require a re-design of

HAMR leg trajectories to make the implementation of angles spines and therefore the

creation of normal adhesive force possible.
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State of the art dry adhesives enable HAMR to walk on inclines up to 22o and decrease

slipping during high frequency gait radically. Important for high adhesive performance

is a perfect mounting on the feet. The use of ankled feet enables a strong contact force

and high friction forces. Attachment of the feed is successful at high and low frequency

domains. Detachment is constricted by HAMR leg lift actuators and can be optimised by

using directional adhesives with detachment direction in y direction.

Overall, the implementation of a tail and of ankled feet improved the performance of

HAMR on inclines. Considering the quality factors introduced in chapter 6 and the tests

performed on the single leg setups, the designed adhesives are capable of carrying HAMR

on inclines up to 60o or higher inclines but HAMR fails to create the necessary force.

A further experiment was conducted where HAMR was walking on a declined surface.

It was shown that HAMR can fully controlled walk on declines without contact failure

up to -45o declines, proofing that the propulsion of HAMR-VP is failing due to the in-

sufficient actuator-transmission system and not to performance limits of the adhesives.

This was also proven by towing experiments. Towing experiments on horizontal surfaces

allow a better investigation of the actuator performance as the induced torque is lower

than on inclined surfaces. The experimental setup is shown in figure 35. Results show

that HAMR actuators can drag loads of 250mg with two legs. This result is in line with

climbing abilities of 22o. For higher loads, forward locomotion was not possible although

no contact failure occurred.

Figure 35: Controlled locomotion on a 45o decline (left) and towing experiment with 50AWG
wire, frictionless pulley and 250mg load (right)
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8 Conclusion and Outlook

8.1 Conclusion

This thesis presented the first attempts to imitate natures locomotion mechanisms for

inclines at insect-scale robotics. A variety of adhesion methods was fabricated, charac-

terised, implemented and tested on the Harvard Ambulatory Microrobot. The climbing

relevant characteristics of HAMR actuation and transmission were recorded and consid-

ered for the characterisation of the adhesives.

The foundation for micro-scale adhesion has been established and three different ad-

hesion methods have been adapted and optimised to fit the HAMR system. Micro-spine

adhesion for rough surfaces and dry adhesives for smooth surfaces have been proven to

be useful and have therefore been developed, fabricated and optimised. After redesigning

the HAMR actuation system, future work will show if the climbing capabilities can be

further improved.

It was shown that an ankled joint is sufficient as a passive alignment mechanisms at

insect scale robots and that a tail is necessary to stabilise a four-legged robot. Further-

more this thesis showed that the designed adhesives are sufficient for climbing on 45o

inclines but the actuator and transmission performance limits the abilities to 22o.

Future work must also included a characterisation of locomotion performance on a larger

range of surface materials as well as further developed mounting process of the adhesives

on the HAMR legs. Dynamic responses of the adhesive materials have to be investigated

to make use of the energetic advantages of system compliances described in chapter 1.

8.2 Outlook

The next steps will be to include an optimisation of HAMR actuators and an optimisation

of HAMR transmission. The next generation of HAMR will include a lower center of mass

to decrease the induced torque on inclines and an implemented passive tail. Furthermore,

the leg trajectories have to be adapted to the different adhesion mechanisms where the

limit curve paradigms have to be considered. By increasing the stride length of the legs in

locomotion direction and decreasing the stride length in y direction a higher attachment

is possible and detachment is improved.



References 37

References

[1] R. M. Alexander. The gaits of bipedal and quadrupedal animals. The International

Journal of Robotics Research, 3(2):49–59, 1984.

[2] A. Asbeck, S. Dastoor, A. Parness, L. Fullerton, N. Esparza, D. Soto, B. Heyneman,

and M. Cutkosky. Climbing rough vertical surfaces with hierarchical directional ad-

hesion. In Robotics and Automation, 2009. ICRA’09. IEEE International Conference

on, pages 2675–2680. IEEE, 2009.

[3] A. T. Asbeck and M. R. Cutkosky. Designing compliant spine mechanisms for climb-

ing. Journal of Mechanisms and Robotics, 4(3):031007, 2012.

[4] A. T. Asbeck, S. Kim, A. McClung, A. Parness, and M. R. Cutkosky. Climbing walls

with microspines. In Proc. of the 2006 IEEE International Conference on Robotics

& Automation, pages 4315–4317, 2006.

[5] K. Autumn, A. Dittmore, D. Santos, M. Spenko, and M. Cutkosky. Frictional

adhesion: a new angle on gecko attachment. Journal of Experimental Biology,

209(18):3569–3579, 2006.

[6] K. Autumn and N. Gravish. Gecko adhesion: evolutionary nanotechnology. Philo-

sophical Transactions of the Royal Society A: Mathematical, Physical and Engineer-

ing Sciences, 366(1870):1575–1590, 2008.

[7] K. Autumn and A. M. Peattie. Mechanisms of adhesion in geckos. Integrative and

Comparative Biology, 42(6):1081–1090, 2002.

[8] K. Autumn, M. Sitti, Y. A. Liang, A. M. Peattie, W. R. Hansen, S. Sponberg,

T. W. Kenny, R. Fearing, J. N. Israelachvili, and R. J. Full. Evidence for van der

waals adhesion in gecko setae. Proceedings of the National Academy of Sciences,

99(19):12252–12256, 2002.

[9] A. T. Baisch. Design, manufacturing, and locomotion studies of ambulatory micro-

robots. 2013.

[10] A. T. Baisch, O. Ozcan, B. Goldberg, D. Ithier, and R. J. Wood. High speed locomo-

tion for a quadrupedal microrobot. The International Journal of Robotics Research,

page 0278364914521473, 2014.

[11] A. T. Baisch and R. J. Wood. Design and fabrication of the harvard ambulatory

micro-robot. In Robotics Research, pages 715–730. Springer, 2011.

[12] A. T. Baisch and R. J. Wood. Pop-up assembly of a quadrupedal ambulatory micro-

robot. Harvard University, School of Engineering and Applied Science, Cambridge,

MA, 2013.



References 38

[13] B. Bhushan and R. A. Sayer. Gecko feet: natural attachment systems for smart

adhesion. In Applied Scanning Probe Methods VII, pages 41–76. Springer, 2007.

[14] M. C. Birch, R. D. Quinn, G. Hahm, S. M. Phillips, B. Drennan, A. Fife, H. Verma,

and R. D. Beer. Design of a cricket microrobot. In Robotics and Automation, 2000.

Proceedings. ICRA’00. IEEE International Conference on, volume 2, pages 1109–

1114. IEEE, 2000.

[15] P. Birkmeyer, A. G. Gillies, and R. S. Fearing. Dynamic climbing of near-vertical

smooth surfaces. In Intelligent Robots and Systems (IROS), 2012 IEEE/RSJ Inter-

national Conference on, pages 286–292. IEEE, 2012.

[16] P. Birkmeyer, K. Peterson, and R. S. Fearing. Dash: A dynamic 16g hexapedal

robot. In Intelligent Robots and Systems, 2009. IROS 2009. IEEE/RSJ International

Conference on, pages 2683–2689. IEEE, 2009.

[17] J. E. Clark. Design, simulation, and stability of a hexapedal running robot. PhD

thesis, stanford university, 2004.

[18] C. J. Clemente, J.-H. Dirks, D. R. Barbero, U. Steiner, and W. Federle. Friction ridges

in cockroach climbing pads: anisotropy of shear stress measured on transparent,

microstructured substrates. Journal of Comparative Physiology A, 195(9):805–814,

2009.

[19] K. A. Daltorio, S. Gorb, A. Peressadko, A. D. Horchler, R. E. Ritzmann, and R. D.

Quinn. A robot that climbs walls using micro-structured polymer feet. In Climbing

and Walking Robots, pages 131–138. Springer, 2006.

[20] K. A. Daltorio, S. Gorb, A. Peressadko, A. D. Horchler, R. E. Ritzmann, and R. D.

Quinn. A robot that climbs walls using micro-structured polymer feet. In Climbing

and Walking Robots, pages 131–138. Springer, 2006.

[21] K. A. Daltorio, A. D. Horchler, S. Gorb, R. E. Ritzmann, and R. D. Quinn. A small

wall-walking robot with compliant, adhesive feet. In Intelligent Robots and Systems,

2005.(IROS 2005). 2005 IEEE/RSJ International Conference on, pages 3648–3653.

IEEE, 2005.

[22] K. A. Daltorio, T. E. Wei, S. N. Gorb, R. E. Ritzmann, and R. D. Quinn. Pas-

sive foot design and contact area analysis for climbing mini-whegs. In Robotics and

Automation, 2007 IEEE International Conference on, pages 1274–1279. IEEE, 2007.

[23] P. Day, E. V. Eason, N. Esparza, D. Christensen, and M. Cutkosky. Microwedge

machining for the manufacture of directional dry adhesives. Journal of Micro and

Nano-Manufacturing, 1(1):011001, 2013.



References 39

[24] M. H. Dickinson, C. T. Farley, R. J. Full, M. Koehl, R. Kram, and S. Lehman. How

animals move: an integrative view. Science, 288(5463):100–106, 2000.

[25] G. Dudek, M. Jenkin, C. Prahacs, A. Hogue, J. Sattar, P. Giguere, A. German,

H. Liu, S. Saunderson, A. Ripsman, et al. A visually guided swimming robot. In

Intelligent Robots and Systems, 2005.(IROS 2005). 2005 IEEE/RSJ International

Conference on, pages 3604–3609. IEEE, 2005.

[26] N. Esparza. Design of Bio-inspired Directional Tapered Adhesives and Hierarchies.

PhD thesis, Stanford University, 2012.

[27] C. T. Farley and T. C. Ko. Mechanics of locomotion in lizards. Journal of Experi-

mental Biology, 200(16):2177–2188, 1997.

[28] W. Federle and T. Endlein. Locomotion and adhesion: dynamic control of adhesive

surface contact in ants. Arthropod Structure & Development, 33(1):67–75, 2004.

[29] W. Federle, M. Riehle, A. S. Curtis, and R. J. Full. An integrative study of insect

adhesion: mechanics and wet adhesion of pretarsal pads in ants. Integrative and

Comparative Biology, 42(6):1100–1106, 2002.

[30] R. Full. The sticky wonder of gecko feet. In TED TALK,

http://www.ted.com/talks/robert full on animal movement.html, 2009.

[31] R. Full, R. Blickhan, and L. Ting. Leg design in hexapedal runners. Journal of

Experimental Biology, 158(1):369–390, 1991.

[32] H. Gao, X. Wang, H. Yao, S. Gorb, and E. Arzt. Mechanics of hierarchical adhesion

structures of geckos. Mechanics of Materials, 37(2–3):275 – 285, 2005.

[33] D. C. Hawkes, D. L. Christensen, E. V. Eason, M. A. Estrada, M. Heverly, E. Hilge-

mann, H. Jiang, M. T. Pope, A. Parness, and M. R. Cutkosky. Dynamic surface

grasping with directional adhesion. In IEEE/RSJ International Conference on In-

telligent Robots and Systems, 2013.

[34] E. W. Hawkes, E. V. Eason, A. T. Asbeck, and M. R. Cutkosky. The gecko’s toe:

Scaling directional adhesives for climbing applications. 2012.

[35] E. W. Hawkes, J. Ulmen, N. Esparza, and M. R. Cutkosky. Scaling walls: Applying

dry adhesives to the real world. In Intelligent Robots and Systems (IROS), 2011

IEEE/RSJ International Conference on, pages 5100–5106. IEEE, 2011.

[36] K. L. Hoffman and R. J. Wood. Robustness of centipede-inspired millirobot loco-

motion to leg failures. In Intelligent Robots and Systems (IROS), 2013 IEEE/RSJ

International Conference on, pages 1472–1479. IEEE, 2013.



References 40

[37] P. Holmes, R. J. Full, D. Koditschek, and J. Guckenheimer. The dynamics of legged

locomotion: Models, analyses, and challenges. Siam Review, 48(2):207–304, 2006.

[38] K. Johnson, K. Kendall, and A. Roberts. Surface energy and the contact of elastic

solids. Proceedings of the royal society of London. A. mathematical and physical

sciences, 324(1558):301–313, 1971.

[39] R. McNeill Alexander. Elastic mechanisms in animal movement. Cambridge [etc.]:

Cambridge University Press, 1988.

[40] M. P. Murphy, S. Kim, and M. Sitti. Enhanced adhesion by gecko-inspired hierar-

chical fibrillar adhesives. ACS applied materials & interfaces, 1(4):849–855, 2009.

[41] O. Ozcan, A. T. Baisch, D. Ithier, and R. J. Wood. Powertrain selection for a

biologically-inspired miniature quadruped robot. In Review: IEEE Intl. Conf. on

Robotics and Automation, Hong Kong, China, 2014.

[42] A. Parness, T. Hilgendorf, P. Daniel, M. Frost, V. White, and B. Kennedy. Control-

lable on-off adhesion for earth orbit grappling applications. In Aerospace Conference,

2013 IEEE, pages 1–11. IEEE, 2013.

[43] A. Parness, D. Soto, N. Esparza, N. Gravish, M. Wilkinson, K. Autumn, and

M. Cutkosky. A microfabricated wedge-shaped adhesive array displaying gecko-like

dynamic adhesion, directionality and long lifetime. Journal of the Royal Society

Interface, 6(41):1223–1232, 2009.

[44] H. Prahlad, R. Pelrine, S. Stanford, J. Marlow, and R. Kornbluh. Electroadhesive

robots—wall climbing robots enabled by a novel, robust, and electrically control-

lable adhesion technology. In Robotics and Automation, 2008. ICRA 2008. IEEE

International Conference on, pages 3028–3033. IEEE, 2008.

[45] D. Ruffatto III, J. Shah, and M. Spenko. Increasing the adhesion force of electrostatic

adhesives using optimized electrode geometry and a novel manufacturing process.

Journal of Electrostatics, 2014.

[46] D. Santos, B. Heyneman, S. Kim, N. Esparza, and M. R. Cutkosky. Gecko-inspired

climbing behaviors on vertical and overhanging surfaces. In Robotics and Automation,

2008. ICRA 2008. IEEE International Conference on, pages 1125–1131. IEEE, 2008.

[47] U. Scarfogliero, C. Stefanini, and P. Dario. A bioinspired concept for high efficiency

locomotion in micro robots: The jumping robot grillo. In Robotics and Automation,

2006. ICRA 2006. Proceedings 2006 IEEE International Conference on, pages 4037–

4042. IEEE, 2006.



References 41

[48] M. F. Silva, J. Machado, and J. K. Tar. A survey of technologies for climbing

robots adhesion to surfaces. In Computational Cybernetics, 2008. ICCC 2008. IEEE

International Conference on, pages 127–132. IEEE, 2008.

[49] Y. Tian, N. Pesika, H. Zeng, K. Rosenberg, B. Zhao, P. McGuiggan, K. Autumn,

and J. Israelachvili. Adhesion and friction in gecko toe attachment and detachment.

Proceedings of the National Academy of Sciences, 103(51):19320–19325, 2006.

[50] T. E. Wei, R. D. Quinn, and R. E. Ritzmann. A clawar that benefits from abstracted

cockroach locomotion principles. In Climbing and Walking Robots, pages 849–857.

Springer, 2005.

[51] J. Whitney, P. Sreetharan, K. Ma, and R. Wood. Pop-up book mems. Journal of

Micromechanics and Microengineering, 21(11):115021, 2011.

[52] R. Wood, S. Avadhanula, R. Sahai, E. Steltz, and R. Fearing. Microrobot design

using fiber reinforced composites. Journal of Mechanical Design, 130:052304, 2008.

[53] R. Wood, E. Steltz, and R. Fearing. Optimal energy density piezoelectric bending

actuators. Sensors and Actuators A: Physical, 119(2):476–488, 2005.

[54] X. Zhou and S. Bi. A survey of bio-inspired compliant legged robot designs. Bioin-

spiration & biomimetics, 7(4):041001, 2012.


