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The programmable
hexapod:

historical perspective,
theoretical basis and relevance

INTRODUCTION

The Gough-Stewart platform (GSP) is a variable
strut, programmable octahedral hexapod that
uses six computer-controlled linear actuators to
support a moveable base. These devices have

been developed for a wide range of commercial
uses including flight and vehicle simulators,
high-precision tools, mining machines and
medical instruments including programmable
external fixators.

The prototype hexapod external fixator was
introduced in France in 1986 and improvements
in  component design and
algorithms have broadened the clinical repertoire

computer

of these devices. An increase in the number
of available systems is expected in the next 18
months, owing to the expanding indications
for this technology, in addition to termination
of long standing patent arrangements and the
associated commercial imperatives.

These versatile platforms have clinical
applications in acute fracture fixation, deformity
surgery and limb salvage and provide an
attractive combination of flexibility and ease

of application.
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REPRESENTATION OF 3D OBJECTS
IN 2D SPACE

Contemporary  orthopaedic
illustrated by two-dimensional

practice  is
radiological
images, presented in standard antero-posterior
and medio-lateral orthogonal planes. These
are simplified ‘two axis’ representations of
complex three-dimensional objects. It would
not be possible to use an automated device
to predictably reconstruct a deformed bone
without the ability to mathematically describe
the positions of the individual components.
Pythagoras (c.570 BCE — c.495 BCE) and
Euclid (c.300 BCE) are credited with defining
the fundamentals of 2D and 3D geometry,
and this was refined by Appolonius (c.262
BCE — c. 190 BCE), who anticipated Cartesian
geometry by 1800 years. Pappus (c. A.D. 290 —
¢. 350) introduced a formalised approach to this
area of mathematics and described a form of
geometry that was not based on the concept
of distance. This began with the study of
the relationship between points and lines in
2D space and developed into the discipline of
projective geometry.

to orthopaedic practice

The introduction of realism in art in the
Italian Renaissance relied on the ability to
represent 3D objects in 2D space and led
to the study of linear perspective. During
the 15th century, Brunelleschi (1377 — 1446)
studied linear perspective in art and this led
to the development of projective geometry as
a mathematical discipline. Desargues (1591-
1661) developed an alternative method for
constructing perspective drawings and is also
credited with introducing concepts including
the point, line and plane at infinity.

Decartes (1596 — 1650) formalised a system
of co-ordinate geometry thereby allowing
a point in space to be described as a set of
numbers. Algebraic equations could now
be expressed as geometric shapes in a 3D
coordinate system and conversely, shapes
could be described by equations. This is the
basis of the orthogonal system that is used to
describe planes of deformity in contemporary
orthopaedic practice.

These contributions let to the development
of projective geometry as a unique field in
mathematics. Itis now commonly thought of as




the evaluation of the space in which geometrical
objects exist and act and is the conceptual basis
for the understanding of automated deformity
correction and fracture reduction.

The study of kinematics is central to
many aspects of orthopaedic surgery and
biomechanics and involves the study of the
geometry of motion in a material body with two
or more moving components.

Such a component is termed a ‘kinematic
link’* and represents the basic element of a
kinematic system. These concepts are usually
applied to the analysis of the motion of the
components of a machine and this is typically
represented by a model, consisting of moving
parts that articulate at predefined axes. Analysis
of fracture and deformity in long bones requires
each segment to be considered as an individual
kinematic link and the kinematic chains in the
majority of anatomical situations are open.3

Chasels (1793 — 1880) was the first to
recognise that most general rigid body
displacements can be produced by translation
and rotation along a single axis composed only
of a rotational and translational component.+
A firm understanding of projective geometry
and kinematics allows the description of 3D
deformity and application of Chasles’ theorem
and axis can be used to establish the position
and direction of the associated vectors.

This is of fundamental importance for
automated fracture reduction or deformity
correction, and forms the basis for
simultaneous correction of all components
of skeletal deformity. This seemingly complex
mathematical process underpins the 3D
transformations that make the hexapod fixator

such a powerful tool in clinical practice.

AUTOMATED MANIPULATION

OF OBJECTS IN 3D SPACE

The principles employed by the hexapod fixator
is that of a parallel manipulator; a machine,
made of closed-loops in which mobile joints
connect an end effector to a base by at least two
independent kinematic chains.

Definition of the components of a fixator
and the deformity of a fracture or bone is
straightforward. It is substantially more difficult
to define the spatial relationships of a complex
3D object. To achieve this and provide simplicity
of use, the technique of forward kinematics
uses the joint parameters to compute the
direct relationship between actuator positions
and the configuration of the manipulator and
inverse kinematics reverses this calculation to

determine the joint parameters that achieves a
desired correction.s

In 1812, Cauchy considered the flexibility of
3D polyhedra, where each joint could pivot or
hinge and proved that a convex polyhedron
with invariant facets must be rigid.® The
consequence of this theorem was the realisation
that if a polyhedron (the fixator in this case)
were constructed with flexible hinges at each
vertex but rigid struts, then a structure with
potentially infinite configurations would be
formed.

This determined that the configuration
of a 3D solid in general and an octahedron in
particular could be represented mathematically
and that the change in shape could therefore
also be represented mathematically. This
provided the theoretical basis for using an
automated device to produce a predictable
change in orientation of one solid body in
respect of a second or a segment of bone in
respect of a second segment.

The first multi-degree-of-freedom parallel
kinematic system was designed in 1931 when
Gwinnett received a patent for a motion
simulator for use in the film industry.” The design
was based on a parallel spatial mechanism
but a prototype was never produced. The first
industrial parallel robot was a spray-painting
machine designed by Pollard in 1934 and
patented 1942, but this device was never built.®
In 1949, Gough designed an automated tyre
tester based on a parallel manipulator formed
from six linear actuators supporting a movable
base and this was operational in 1954-5.2°

In 1965, Stewart™ published the design for
a flight simulator with parallel platforms but
allowing for 6° of freedom, and in 1967, Cappel
built a motion simulator based on a hexapod
configuration.™ This type of robot has since
been developed for use in areas ranging from
astronomy to flight simulators and medical
applications are becoming increasingly popular.

THE USE OF EXTERNAL FIXATORS IN
FRACTURE REDUCTION AND LONG BONE
DEFORMITY CORRECTION
Hippocrates (c. 460 BCE - 380 BCE) is credited
with the first description of an externally applied
device used to reduce and stabilise fractures
of the lower limb. This comprised a system of
four rods “made of the cornel tree” bound to
the patient’s extremity then folded to maintain
stability.™ A similar device made from iron rings
and rods was used by Paracelcus (1493 —1541).™
In 1840, Malgaigne designed the pointe

métallique, a belt attached to a metallic band,
which was tightened around the limb until
a metal nail reduced the fracture.’s'¢ In 1843,
he developed the griffe métallique, a device
applied externally with a four-pronged clamp
and turnbuckle that allowed compression for
the treatment of patellar fractures.’s*

In 1893 Keetley became the first to use
bicortical percutaneous pins® and in 1897
Parkhill invented the ‘bone clamp’ and defined
the concept of unilateral external fixation.”
This consisted of four fracture-spanning plates,
secured by a rigid external plate bolted to
one of two half-pins, proximal and distal to
the fracture site.” Lambott also used this pin
configuration after open fracture reduction,
initially mounting the pins between two heavy
metal plates providing rigidity suitable for early
weight-bearing.” In 1934 Anderson designed
the ‘Fracture Robot’, a device using transfixation
pins that permitted multi-planar adjustment of
fracture fragments and was the first to advocate
early weight bearing and joint mobilisation.™

In 1938 Hoffmann described a modular
external fixator with the facility to reduce
and make post-operative corrections to the
alignment of fragments in three planes.z>
This was the prototype monolateral adjustable
fixator and continues in widespread use in
its third iteration. In the period following the
Second World War, llizarov developed a fine
wire circular fixator for use in the management
of fractures, non-unions and deformity. The
llizarov external fixator was patented in 1952
and has developed into a highly versatile
apparatus that is in widespread contemporary
use.2>24

llizarov used the term “regenerate” to
describe the bone formed in distraction
osteogenesis and investigated the biological
and mechanical factors that were of primary
importance. These principles continue to

influence surgeons involved in fracture
management and skeletal reconstruction. De
Bastiani popularised distraction osteogenesis in
Europe with a mono-body external fixator and
introduced the term ‘callotasis’> The technique
involved a tissue preserving osteotomy, latent

period and distraction at 1 mm per day.

COMBINING PROJECTIVE GEOMETRY,

THE PARALLEL MANIPULATOR AND THE
EXTERNAL FIXATOR

In 1986, Moniot* patented a device “for three-
dimensional positioning of two pieces of any
kind, in particular of two bone parts.” Seidel
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and Kostin? were awarded a patent for a
fracture reduction device in 1989, having filed
their patent in 1984. These patents describe
the prototypes of hexapod-based fracture
reduction robots, although neither of these
designs were ever introduced into clinical
practice.
The
introduced in 1996 and consisted of a double
ring system with tensioned wires and Schanz
screws. 3D manipulation of fracture fragments

Eisenberg Ringfixateur2® was

was achieved with six computer controlled
adjustable telescopic struts. This device was
introduced into clinical practice but there are
no reports of the results of treatment, and the
device is no longer available.

Seide et al* developed a Hexapod fixator
that involved 12 ball joints and six manually-
operated
configuration. Their initial description in 1996
was followed by a summary of their experience
with 16 tibial
malalignment. They reported mean residual

linear distractors in a Hexapod

fractures, nonunions and
angular deformities of 1° in each plane and of
final translation 3.5 mm (anteroposterior) and
1.5 mm (lateral).3°

The Taylor Spatial Frame (TSF) (Fig. 1), was
developed by HS and ]JC Taylor of Memphis,
Tennessee, and patented in 1997.3' This is also
an external fixator based on a two-ring system,
linked by six variable-length struts connected
to the rings with universal joints at either end.
The principle of the TSF is that the relative
positions of the rings can be defined precisely
by the lengths of the six struts, which can then
be altered to change the position of the rings
in predictable and accurate manner with a
computer program allowing a simultaneous
six axis correction (x, y, z, pitch, roll, & yaw).

The device has the theoretical capability of
achieving deformity correction accurate to 1°
and 1 mmiin all planes. The initial orientation of
the segments of deformed bone is determined
from orthogonal radiographs and the position
of the ring in relation to a predefined bony
point is measured.

The configuration of the initial construct
is defined by the strut lengths and the
position of the struts in the corrected position
is calculated and a daily programme of
incremental correction generated and issued
to the patient. The precision of the deformity
correction however is dependent on accurate
acquisition and interpretation of post-
operative radiographs, with clinical assessment
of rotational deformity. Any error is easily
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Fig. 1 The Taylor Spatial Frame.

corrected by recalculating the programme of
corrections based on follow-up radiographs
(Fig. 2a to 2¢).

Samchukov et al developed a computerised
hexapod system based on the classic llizarov
technique and apparatus. The perceived
advantages of their system include frame
stability, with independent acute and gradual
strut length adjustment decreasing number
of strut exchanges during treatment. Software
developments include deformity analysis
based on the bone segment axis, pre-operative
planning with efficient frame pre-construction
and planning of multi-stage correction.
This device has been used on 369 patients to
date, but no formal publication of results is
currently available.

The sceptics’ view is that the programmable
hexapod adds little to established fixator
systems, particularly the llizarov external
fixator. Inaccurate application of this device
results in

however, incomplete correction

or secondary deformity, which requires
alteration of the fixator. Correction with the
llizarov external fixator usually occurs in series,
with sequential correction of deformity also
requiring modification of the fixator, which can
be time-consuming and requires significant
expertise.

The hexapod system offers a technically
that
simultaneous correction of all elements of
deformity at a rate that is tolerated by the
patient and minimises the risk of injury

straightforward device allows

to adjacent structures. If there is residual
deformity, reprogramming is straightforward
and does not require reconfiguration, making
complex correction possible in the context of a
busy outpatient clinic.

Although the geometric and mathematical
principles underpinning the use of these

Fig. 2a, b, c: Tibial fracture in a 14-year-old male.

devices are complex, they translate into an
orthopaedic device that is straightforward and
easy to use in clinical practice.
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