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Hamlet: Force/Position Controlled Hexapod Walker
- Design and Systems

Michael R. Fielding∗‡, Christopher J. Damaren† and Reg Dunlop∗

Abstract—Hamlet is a hexapod walker constructed at the
University of Canterbury, New Zealand, to test the effec-
tiveness of combined force and position control to achieve
robust, adaptable walking over rough and unknown environ-
ments. In particular the authors propose that compliance
behaviours using the horizontal force measured at the feet
will allow the robot to navigate slippery and dynamic sur-
faces such as gravel and rocks that move under contact with
the feet. The robot and its systems are described, and the
position-based compliance control strategy used is elabo-
rated on.
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I. Introduction

Walking machines are desirable because they can nav-
igate terrain features that are similar in size to the size
of the robot, whereas wheeled and tracked vehicles are
only suitable for obstacles smaller that half the diameter
of the wheel. Furthermore, if given an ability to find lo-
cally horizontal footholds in regionally steep terrain, they
can climb surprising angles. Applications potentially in-
clude (on earth and beyond) mining, exploration, military,
rescue, industrial environments and recreation.

Since the first steps of the OSU Hexapod [1], the Adap-
tive Suspension Vehicle [2] and Genghis [3], hexapod walk-
ing robots have received considerable academic and even
public attention. But despite the application of complex
models of the robot dynamics (for example [4], [5], [6]) and
optimisation techniques (for example [7], [8], [9], [10]), the
huge increase in available computational power since the
eighties has not yielded such a significant improvement in
the robot behaviour.

It may be said that walking over a rough and unknown
environment is a complex behaviour, requiring a complex
system. But a simple system (the robot) interacting with
a complex one (the environment) can produce complex be-
haviour. This project aims to take a different path to
much of the current research by returning to a focus on
simple behaviours. This is sometimes called biologically-
inspired robotics, as the behaviours and implementation
are designed to mimic our understanding of how simple
biological systems, such as insects, work. Such robots are
often implemented in biologically motivated ways too - neu-
ral networks, distributed processing and biomorphic design
for example [3], [10]. This project shows that the behaviour
of robots with traditional functional design and linear soft-
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ware can still be inspired by observations from biological
systems.

The basic tenet of the robot Hamlet is that by using the
forces at the feet to modify their positions during stance,
on a leg by leg basis rather than globally, dependable and
effective walking can be achieved over a rough environment.
This should be able to be achieved without a priori knowl-
edge of the landscape or its properties, ie: without vision
or mapping systems.

Compliance behaviour in the vertical direction has long
been demonstrated to improve robot walking over uneven
surfaces [1]. In particular it reduces the variation in body
height and orientation when traversing obstacles.

Recent biological evidence supports the use of horizon-
tal force-control in biologically-inspired hexapod walkers.
Bartling [11] reports that Carausius morosus exerted a brief
force directed anteriorly1 and proximally2 at the beginning
of the stance. Bartling suggests that the insect detects the
stiffness of the ground immediately following footfall, dur-
ing the anterior directed force. No biological mechanism is
known for continuously measuring the ground stiffness.

Very compliant motion in the horizontal directions may
allow the robot to work on very non-linear surfaces that
slip (such as sand or pebbles) or roll (such as rocks) when
a robot walks over them. Under strict position control
the footing would be lost and the robot would stumble or
fall, requiring exception handling behaviours in order to
recover. Compliant control in the horizontal direction is
intended make recovery from these situations an emergent
property, obviating the need for specialised behaviours.
This would have advantages of simplicity and robustness
- the robot would not require specialised behaviours, and
it would be more stable if it could avoid having to reswing
the leg, instead moving it to make the most of the cur-
rent foothold. In fact, the robot would probably still re-
quire exception handling for very difficult situations, and
for avoiding obstacles in the swing phase.

Compliance behaviour also deals neatly with the kine-
matic redundancy inherent in hexapod walking machines,
regardless of the number of stance legs, because the legs are
still under some position control. Foot interaction forces
caused by the compliance will actually reduce the loading
on the motors, reducing power consumption.

Unlike many researchers, the intention is not to adapt
an ideal or prescribed gait to a rough terrain, but rather
begin from the standpoint that flat terrain is just a spe-
cial case of a natural terrain, as in Celaya and Porta [12].

1Towards the front.
2Towards the body.
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Therefore control algorithms need not change depending
on an interpretation of the terrain, although this does not
preclude the behaviour from changing as the environment
provides unexpected inputs to the system.

On rough ground, insects such as locusts [13] and stick
insects [14] walk with a free gait (a patternless, non-
repeating gait), while on smoother ground they adopt a
periodic gait. The anterior extreme position3 (AEP) of
a leg can be strongly influenced by the posterior extreme
position4 (PEP) of its anterior neighbour as exhibited in
the stick insect Carausius morosus [15], [16]. This places
the tarsus of the middle or hind legs close to the tarsus of
the their respective anterior neighbour, increasing the like-
lihood of finding a good foothold. This behaviour was not
displayed by locusts [13], which may be attributed to the
different habitats of the animals.

Cruse et al. [17] and Weidemann et al. [10] have shown
that careful addition of similar influences between the legs
of a hexapod robot can yield a robust free gait that main-
tains stability and desired movement, and yet also tends
toward a tripod or metachronal wave gait on flat ground.
More specifically, legs are prevented from lifting or trig-
gered to lift by their posterior5 neighbours, and no overall
checking is necessary to ensure that the robot does not
stumble.

One clear advantage of this ‘soft’ distributed control
technique, as compared to ‘hard’ centralised control [18],
[19], [20], is that the effect on the overall gait of interrup-
tions to one leg’s movements are managed without resort-
ing to specialised gait behaviours. In most cases the robot
can continue to walk using the remaining legs while the im-
peded leg executes a short re-swing to clear the obstacle.
Weidemann et al. [10] showed that completely disabling
a leg was not enough to stop the robot (a simulation in
this case) from walking - the system ensured that it didn’t
stumble by preventing other legs from lifting, and over a
few steps it recovered the original pattern. With a central
pattern generator (CPG) the gait must be stopped while
the exception is handled, halting the motion of the robot
abruptly. Naturally even a soft algorithm may need to stop
walking in the case of a major, or impassable, obstruction
or incapacitation.

Switching smoothly between gaits is also difficult with
CPG algorithms, whereas the soft algorithms display
smooth gait transition as an emergent property.

Goal-oriented path planning and navigation are the sub-
ject of much research for both legged and wheeled robots,
for example [19]. This project does not address this issue,
instead leaving the navigation of the robot under direct
operator control.

The rest of this paper describes the mechanical, elec-
tronic and software design of a small hexapod, Hamlet,
and the implementation of a force-position control scheme

3The end of the swing phase of leg movement when the foot is
placed on the ground.

4The end of the stance phase of leg movement when the foot lifts
off the ground.

5Immediately behind.

Fig. 1

Hamlet standing on a table.

for the feet.

Fig. 2

The locations of the α joints and the numbering of the legs.

Grey sectors are the approximate arcs inscribed by the end

of the femora (actually the motor since it protrudes past

the femur-tibia joint) when the femur is parallel with the

chassis plane.

II. Mechanical

Fig. 1 shows the general layout of the robot. The robot
weighs about 13kg and stands 400mm high in this photo.
Fig. 2 shows the locations of the six identical legs and the
approximate movements available about the α axis (di-
rectly out of the page) of each leg before the leg hits the
chassis. The high mobility of the α axis is intended to al-
low the legs to explore the environment when searching for
a foothold and provides more scope for manoeuvring. The
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Fig. 3

A cross-section of the composite chassis showing how the

leg fittings are attached.

leg attachments all lie in the same plane, with all the α
axes parallel.

The chassis (Fig. 3) is a sandwich of carbon fibre over
corrugated cardboard which was found to be extremely
stiff and light. Fittings for the legs are sheet aluminium
attached by resin and stainless steel screws into injected
resin plugs.

The legs (Fig. 4) are all identical, machined from alu-
minium and have three revolute joints each. The first two
(coxa-trochanter denoted by α and trochanter-femur de-
noted by β) are orthogonal to each other, and the third
(femur-tibia denoted by γ) is parallel with the second.

All the joints use identical 10W DC motors running
through 1:246 planetary reduction gearboxes providing
4.5Nm torque in both directions. On the β and γ axes
they are coupled through Oldham Couplings and nylon
bevel gears to align them with the joint axes; on the α
axes only an Oldham Coupling is used. The meshing of
the bevel gears is adjustable to reduce backlash.

Optical quadrature encoders provide angle measure-
ments. Calibration of their offset is achieved by gently
moving the joints until they hit the chassis, which is a
known datum for each joint provided a certain configu-
ration and order is used. Calibration can be carried out
without operator intervention.

The end of the tibia is provided with a three axis load
cell using strain gauges, shown in Fig. 5. Note that the load
cells are not fitted in Fig. 1. The design was undertaken
using Finite Element Modelling. Amplifiers are located on
the load cell for improved noise performance. Careful appli-
cation of the strain gauges has minimised drift, although
it is possible to recalibrate when the leg is in the air if
necessary. A ball-jointed foot ensures that no torques are
transmitted to the load cell that would upset the force read-
ings, and also provides a large surface area for grip and to
prevent sinking into soft environments. The minimal mass
located on the foot means that the sensor dynamics can be
ignored.

III. Electronics and Software

Hamlet has little processing and no battery power on-
board, as autonomy is not necessary to achieve the project

Fig. 4

The axes and parts of the leg, with the chassis coordinate

system.

Fig. 5

A diagram of the force sensor on each foot. The force on

the foot in the vertical direction is measured by a full

bridge on the thin horizontal beams, while the horizontal

forces are measured by half bridges near the ball joint.

goals. A full duplex 4Mbit/s serial link using RS-485 over
a twisted pair channel provides a data link between the
DSPs and the robot (Fig. 6), transferring data at the sam-
ple rate of 200Hz. 24 bit words were chosen because of the
resolution of the angle encoders. Sign extension to 32 bits
is done in hardware at both ends.

Power is delivered by a single-ended 18V DC supply, con-
verted to a variety of voltages on the robot by a switching
power supply. Total current draw when standing is ap-
proximately 2A. The power supply module also supports
the RS-485 interface to the serial link and is designed to
accommodate a future upgrade to wireless operation.

The electronics on the robot are modularised with each
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Fig. 6

The processing is done in the PC and DSPs, with data sent

to and from the robot via a high speed serial link. 6 I/O

modules are daisy chained together on the robot, each

providing functions for one leg.

module based on a Xilinx Field-Programmable Gate Array.
There is one module for each leg, with a 14 bit 8-channel
A/D, 12 bit PWM outputs, 24 bit encoder angle and veloc-
ity measurement (by measuring the time interval between
pulses) and some digital I/O. Each module has its own ana-
logue power supplies to minimise noise - noise on the force
sensor readings is -66dB from full scale, allowing 0.1N res-
olution on the tibia axis. The motors are run from the 18V
supply through PWM H-bridges. Software current control
is achieved by correcting for the back EMF, E = ωKv, and
dividing by the winding resistance. The electrical time con-
stant of the windings is of the order of the timestep, so it
is not significant. An inclinometer will be attached to the
spare analogue channels on one of the modules.

The control of biologically-inspired hexapods has often
been carried out by distributed processors of minimal com-
plexity. However, a single modern embedded processor now
has ample power to control all the legs, and even if the
control algorithm is a distributed one it is simpler to im-
plement it as a centralised one. Communication between
the legs is purely in software rather than wires. This was
the option chosen for Hamlet.

Control software for Hamlet is run by dual Texas Instru-
ments TMS320C44 50MHz 32 bit floating point DSPs on a
carrier board that supports up to four modules (Fig. 7).
One of them communicates with the serial link by two
built-in 32 bit parallel ports. Another parallel port (oper-
ated bidirectionally) is used for sending data between the
processors for each leg. Functionality is split between the

Fig. 7

Two TMS320C44 DSPs are used for controlling Hamlet.

Boxes labelled Control are for uploading programs to the

various components.

DSPs so that the processor connected to the serial link
(server) scales and rotates the raw data to present the cur-
rent state of each leg to the other processor (client), which
runs the control algorithms and returns the desired output
torque for each joint. The server analyses data leg by leg
and transfers it immediately, allowing the client to run in
parallel.

8K words of dual-port memory accessible by the client
module are used for interacting with software on the PC.
Using GUI software, running on a Pentium II under Win-
dows 95, the user can select operating modes for the DSP
code, send commands, inspect and modify variables, plot
realtime results and save them to Matlab. Joystick data are
continuously sent to the DSPs via the DPRAM. If neces-
sary the client module relays commands to the server using
the shared memory.

IV. Force-Position Control

Many schemes exist for force-position control in rigid
manipulators, including Whitney’s position accommoda-
tion [21], Raibert and Craig’s hybrid control [22] and
Hogan’s impedance control [23]. The method used in Ham-
let is position-based compliance control after Lawrence and
Stoughton [24] and Kazerooni et al. [25]. Position-based
compliance control has the advantages of direct specifica-
tion of the desired stiffness in task coordinates (in this case
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a gravitational frame centred at the body) and that the
position control subsystem can separately take care of the
leg dynamics.

Position-based compliance control requires a position
control subsystem working in the task coordinate space. In
Hamlet this is carried out by simply transforming desired
Cartesian positions to joint space.

Joint servo control is by non-linear PID controllers: a
deadzone precedes the integral term in order reduce hunt-
ing due to the backlash in the drivetrain, and it is also
limited to improve gross movement response and prevent
damage in the event of a collision.

Compliant control has been implemented on the legs of
Hamlet. Software filtering of the raw force measurements
is necessary to remove noise and is achieved with a first
order low pass Butterworth with corner frequency at 1Hz.
Stiffnesses as low as 500N/m are stable when contacting
rocks, despite very low damping in the position controlled
subsystem.

V. Conclusions

A hexapod walker has been constructed and is virtually
ready for experiments. Hardware problems (specifically,
angle encoders on five legs were damaged during cleaning)
have thus far prevented walking trials from actually being
carried out.

Carbon fibre protective boots are presently being con-
structed to encase the load cells and motors, to protect
them from damage when they hit obstacles. These will
be equipped with a switch to indicate when a collision has
occurred. An inclinometer will also be attached.

Compliant control has been demonstrated, although
there is scope for improvement of the stability when con-
tacting hard surfaces by non-linear schemes such as those
in Seraji [26]. Damping of the position controlled subsys-
tem is also expected to improve stability under compliant
control, while still achieving acceptable performance when
not in contact with the environment.

Further research can now be carried out to show that the
use of horizontal foot force information to make the feet of
a small hexapod walker compliant may improve handling
of changes in the environment caused by the robot’s walk-
ing over it. Global force control may not be necessary to
achieve robust, reliable walking, at least for small robots.
A ‘soft’ algorithm, rather than a CPG controlled one, will
be used to provide robust gait generation for the robot.
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