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Abstract

Objective: Currently, intravascular ultrasound (US) imaging catheters are developed and produced to provide a com-
plementary diagnostic method in the treatment of blood vessel obstructive disease. Typical catheter dimensions are
a diameter of 1-2.5 mm and a length of 1-1.5 m. A real-time 360° US scan of the surrounding of a catheter tip can
be obtained by mechanical rotation of a US beam, approximately perpendicular to the catheter axis and originating
from a single element. It is the purpose of this paper to make the reader aware of the various image artifacts that might
occur with flex-shaft mechanical scanning and of the limitations of the technique, and to discuss the possible causes
as well as alternative drive mechanisms. Methods: The study is based on definition and discussion of various error
mechanisms caused by improper transmission of rotation flex-shaft drives. Adequate ultrasonic imaging implies a one-
to-one relationship between the catheter tip scan rotation angle and the angle of polar image line deflection on the
display. This can be achieved by applying a predictable, uniform scan rotation at the catheter tip. Deviation from an
intentionally uniform scan rotation gives rise to image artifacts, causing either loss of absolute orientation (due to a
constant error angle), loss of quality of the real-time aspect (due to a stochastic error angle), or the occurrence of decep-
tive image distortions (due to a periodic error angle). The magnitude of an acceptable constant tip rotation error (actual
tip rotation angle minus expected angle) depends on the need for maintaining an absolute orientation of the image.
The stochastic error should be kept to a minimum: random misplacement of image lines in the order of degrees already
is disturbing to the interpretation of the image. As a practical arbitrary criterion for the periodic error angle, a maxi-
mum peak-to-peak value of 20° can be defined. Results: Catheter tip driving mechanisms have to be evaluated, con-
sidering their potential to maintain a predictable (often uniform) catheter tip scan rotation. A 0.8 mm OD double-layer
spiral type flexible drive-shaft has been developed, which meets the requirements, exhibiting a bending rigidity of 1.5
Nmm? and a torsional rigidity of more than 100 Nmm?. This drive-shaft shows a sensitivity to influences, inducing
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rotation error angles, like pre-curvature of the shaft and friction, of about 1% compared to a simple wire of e.g.
stainless steel. Conclusion: For practical purposes, today’s technologies in the production of flex-shafts have improved
and these devices can be very usefully applied in clinical situations. Flex-shaft problems can be avoided if, alternatively,
rotation power could be provided in the catheter tip itself. To this effect, an electromagnetic micromotor has been
developed, with a diameter of 1 mm, exhibiting adequate running behaviour. Implementation of this motor in a

catheter tip is in progress.

Keywords: Intravascular ultrasound; Image artifact; Fiexible drive-shaft; Micromotor

1. Introduction

A 360° cross-sectional echo scan of the surroun-
ding of a catheter tip, showing an image plane ap-
proximately perpendicular to the catheter-axis,
with a penetration depth of about 10 mm, can be
obtained by electronic or mechanical steering of a
high frequency (30 MHz) ultrasonic beam and
adequate processing of the echo signals (Bom et al.
1989). Advantages and disadvantages of both
scanning systems are described in Bom and
Roelandt 1992 and Bom et al. 1992. If the system
characteristic of image quality is taken as the
decisive criterion, the choice in favour of mechani-
cal scanning can be made based on potentially bet-
ter image resolution and sensitivity. Therefore, in
our laboratory the concept of mechanical scanning
has been pursued, resulting in the development of
a complete intravascular ultrasound imaging sys-
tem (Fig. 1).

¢lectro-
optical cable

main-frame

Fig. 1. Intravascular ultrasound imaging system, based on me-
chanical rotational scanning. US transducer (1), sonolucent
dome (2), flexible drive-shaft (3).
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Fig. 2. Catheter tip configurations for mechanical US scanning;
(a) Rotating transducer and leads. (b) Rotating deflecting mir-
ror. (c) Rotating transducer, deflecting mirror and electrical
leads. In (a) and (c) the conducting leads are designed to be
positioned inside the flexible drive-shaft.

A cross-sectional echo scan of the surrounding
of a catheter tip is made by mechanically rotating
an ultrasonic beam, generated by a single US ele-
ment. This might be achieved either by rotating a
radially emitting element (Fig. 2a) or a deflecting
mirror, in which case the US transducer emits
axially and is mounted statically in the catheter tip
(Fig. 2b) or rotates together with the mirror (Fig,
2¢). Transducer rotation requires the rotation of
its electrical leads, since slip-rings of these small
catheter tip dimensions, transmitting a pulse peak
current of several amperes, are unrealistic.

Mechanically rotating parts should be shielded
from the patient’s arterial wall, hence, a sonolu-
cent enclosing dome is required, consequently call-
ing for the presence of a coupling fluid in the dome
to transmit the US energy to and from the trans-
ducer. The principal problem to be solved for the
mechanically scanning system is the development
of an adequate rotation mechanism to drive the
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element or mirror in the catheter tip. Mechanical
scanning may give rise to catheter tip motion rela-
tive to the vessel wall, and particularly an unpre-
dictable scan motion will introduce image
artifacts, influencing the image quality and reli-
ability. It is believed that by good system design
these image artifacts can be limited to an accept-
able, low level.

Various other aspects of artifact formation have
been described in literature (de Kroon et al. 1991;
Finet et al. 1993).

2. Clinical application of intravascular ultrasound

The necessity for more detailed morphological
information about the arterial anatomy and
understanding of the ultimate effect of vascular in-
tervention has accelerated the current advances in
intravascular ultrasound systems. In vitro studies
have shown that this imaging technique provides
accurate information on lumen size, vascular
anatomy and location of the atherosclerotic lesion.
Echographic distinction between elastic and mus-
cular arteries was feasible, based on the composi-
tion of the arterial media. Clinical use of intra-
vascular ultrasound showed a characteristic three-
layered appearance of the coronary, iliac, femoral
and popliteal artery. From the in vitro informa-
tion, we conclude that the hypoechoic vascular
wall corresponds with the media of a muscular
artery. The characteristic hypoechoic media
facilitates visualization of a superimposed lesion

Fig. 3. Angiogram and intravascular ultrasound cross-section
of the superficial femoral artery. While angiography at level 11
appeared normal, a significant lesion is seen echographically.
The black arrow indicates the media; the white arrow indicates
the level of the cross-section at 11 c¢m.

Fig. 4. Histologic and corresponding intravascular ultrasound
cross-section showing the influence of lesion on media
thickness. At 11 o’clock a media is well seen in the absence of
a lesion; at 3 o'clock, the media becomes absent in the presence
of a lesion (catheter calibration marks at 1 mm interval).

(Fig. 3). It was found that intravascular ultra-
sound accurately determines that medial thickness
of muscular arteries is inversely related to lesion
thickness (Fig. 4).

Normal vascular morphology could easily be
distinguished from cross-sections with pathology,
using the hypoechoic media as reference. During
pull-back on the ultrasound catheter in the clinical
setting, it was observed that the anatomy and
extent of the lesion could vary significantly.
Lesions were evidenced in cross-sections that were
angiographically normal. Angiographically suc-

Fig. 5. Angiographic images and intravascular ultrasound
cross-sections of the superficial femoral artery obtained before
(on the left) and after (on the right) balloon angioplasty. Level
18: not subjected to the intervention; the ultrasound images are
unchanged showing 57% area reduction. Level 22: ultrasound
confirmed a > 90% obstruction. Following intervention the re-
sidual obstruction was 57%. A dissection and vessel rupture
were the additional anatomic features seen.
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cessful balloon angioplasty could be accompanied
by dissection, plaque rupture and vessel wall rup-
ture, as evidenced by intravascular ultrasound
(Fig. 5).

The imaging apparatus used was manufactured
by Du-MED (Rotterdam).

3. Mechanically-induced image artifacts

The echoes of a transmitted US pulse, received
from a certain direction of the acoustic beam axis,
are displayed in grey-scale value and represent one
radial image line on the display screen. The image
line is defined by the echo signals of the pulse, its
location of origin and the direction in the cross-
sectional plane. In general the latter two are not
being monitored and, instead, the imaging process
is based on a few assumptions. The location of ori-
gin of the US pulse coincides with the position of
the acoustic element in the catheter tip. This loca-
tion is assumed not to change within one 360°
scan, with respect to the imaged structures, due to
either catheter tip or vessel wall motion. Further-
more, uniform catheter tip scan rotation, with a
well-known rev./min, will ensure correct angular
correlation of the image lines on the display and a
reference direction (e.g. the direction at time ¢ = 0)
ensures correlation of the absolute orientation of
images. However, these assumptions are not
generally valid. The effects of catheter tip motion
on the image will be studied in the following.

3.1. Scan speed and frame rate with respect to vessel
wall motion

Basic specifications of the imaging system are
the choices of scan speed and frame rate.

Arteries in vivo pulsate with a frequency of
about 1 Hz, transmitting the pressure pulse-wave
of the heart. This results in periodic vessel defor-
mations. Some arteries perform (periodic) transla-
tions, due to the motion of the structures or organs
in which they are imbedded or to which they are
attached, and by doing so, change the position of
the catheter tip in the vessel. The coronary
arteries, for instance, move vigorously with the
heart muscle (again with a periodicity of about |
Hz). Both motion mechanisms will cause image ar-
tifacts, if the scan speed is too low.

If the amplitude of the relative motion between

catheter tip and vessel wall is small enough, image
artifacts will be acceptably small, when a scan is
produced in less than 1/10 of a motion period.

Dynamic analysis of images is only possible if
the frame rate is sufficiently high. The most ob-
vious way to meet both requirements is the appli-
cation of fast continuous scanning, resulting in a
frame rate of more than 10 frames/s. Real-time im-
aging, showing natural vessel wall motion and
deformations smoothly to the eye, can be perform-
ed at 25 frames/s. Practical system parameters may
limit frame rate.

3.2. Image artifacts due to radial and tangential
catheter tip motion

Radial and tangential catheter tip motion with
respect to the blood vessel originate either from
motion of the blood vessel or from the catheter tip
itself, in which case the motion is related to the
driving motion. The first is already dealt with and
is no real problem if the scan speed is high enough.

In practice, the catheter is supported on many
points by the tortuous blood vessel, through which
it has been advanced. This immobilizes the
catheter. The free length of the catheter tip, where
it is hardly supported by the vessel wall, is a factor
in the possible occurrence of radial tip motion.
The catheter tip may also be stabilized by the
guide-wire, which runs through its free lumen or to
which it is attached by a ‘side-saddle’ construction.

Naturally, the elimination of the causes of
catheter tip motion, which would degrade image
quality, is preferred. Therefore, it is important to
apply small well-balanced rotating masses, realize
well-aligned supports of rotating elements and
avoid a rotating frequency close to the fundamen-
tal frequency of the bending mode motion of the
free tip length. A schematic of image distortion
due to periodic radial catheter tip motion, with the
same frequency as the driving frequency is shown
in Fig. 6.

Tangential catheter tip motion occurs when the
catheter tip describes circles around the supposed
static location of the catheter in the blood vessel.
If the catheter causes this motion, it will be related
to the scan rotation in the catheter tip. The effect
is an unreal representation of the radial measures
of the blood vessel: the lumen will be shown either
too small or too large.
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Fig. 6. Schematic of image distortion caused by periodic radial
catheter tip motion (arrows), in case the periodicity of this
motion corresponds with the scan rotation. Radial catheter tip
motion perpendicular to the vessel wall (a) and not perpen-
dicular to the wall (b).

3.3. Image artifacts due to non-uniform catheter tip
scan rotation

In general, the polar image on the display is
built up with the assumption of a uniform catheter
tip scan rotation. It is difficult to guarantee uni-
form angular velocity at the catheter tip, although
its average angular velocity, determined over a
sufficient number of rotations, is kept constant. A
rotation error angle, 8 (rad) can be defined as:

6= ‘pact - \bexp (1)

where ¢, (rad) = the actual tip rotation angle,
traversed since time t=0 and v, (rad)=
ot = the expected rotation angle, assuming uni-
form catheter tip scan rotation with a given
angular velocity « (rad/s).

The unpredictable rotation error angle 6 causes
misplacement of image lines on the display, be-
cause an image line, recorded at a rotation angle
Vac, 1s displayed at an angle Y., This causes
image artifacts of several kinds, depending on the

nature of the course of the error angle in time (ten
Hoff et al. 1989).

The error angle can have a constant (4.), a
periodic (6,,) and a stochastic (6;) component. The
first causes a rotation of the whole displayed image
over an angle 8., so that without the help of an
anatomic ‘land-mark’ the absolute orientation of
the image with respect to the patient’s anatomy
will be lost. For most present clinical applications
this may not be of great importance. The
stochastic error causes a mismatch of sequential
images, resulting in unstable real-time imaging.
This error should be kept very small. Depending
on the driving mechanism, the periodic error angle
may repeat itself with the driving frequency w. If
other frequency components than the driving fre-
quency or its higher harmonics are present, the
effect on the image is similar to that of the
stochastic error.

The periodic error angle, which repeats itself
every revolution with high precision, may be
represented by the periodic function 6,(w). Se-
quential images will match, resulting in a sharp
real-time image delineation. However, image lines
do not appear on screen in accordance with the
real cross-sectional geometry of the blood vessel.
The effect of the periodic error angle on the image
reliability can be studied by simulation, using a
sine function to describe the course of the periodic
error angle in time.

According to the mechanism causing the error,
the periodic rotation error angle 6,(w) can be
represented by a sine function of either the theo-
retical rotation angle .y, so that:

Op = Oy sin Yexp, = Gy sin w? (2)
or of the actual rotation angle ¥,., so that:

bp = 0 sin Yy = Gy sin (\Lexp + 0p)

= by sin (0 + 6,) 3

This renders a recursive definition of the angle
error function.

Computer simulations of these effects for
various values of the peak-to-peak periodic error
angle (= 26) are illustrated in Fig. 7, showing the
misplacement in the image of eight equally spaced
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Fig. 7. Simulation of the image distortion in case of a sine-
shaped rotation error angle, as a function of the actual rotation
angle .. The ideal image of eight US reflectors equally distri-
buted around the catheter tip, peak-to-peak error angle is 0°(a).
Distorted images of the same reflector configuration when
peak-to-peak error angle is 20° (b), 50° (c) and 80° (d). Note
regions of expansion and compression of the image.

point reflectors around the catheter tip. Expansion
and compression of sectors of the image can be
recognized.

The periodic error angle represents a danger to
the correct clinical interpretation of the image.
Over- or underestimation of the blood vessel oc-
clusion may occur, resulting in the choice of incor-
rect therapeutic measures. The degree of
misinterpretation is, except from the peak-to-peak
value of the periodic error angle, also dependent
on the blood vessel geometry and the position of
the scanning catheter tip in it. A concentric
stenosis imaged by a catheter tip positioned in the
center, is not sensitive to this problem, but in an
asymmetrical situation, illustrated in Fig. 8, quan-
tification of the rate of stenosis will be estimated
erroneously. Fig. 8 shows a slightly distorted and
a severely distorted US image of an iliac artery,
recorded in vitro, where the catheter tip rotation is
established by a poorly performing flexible drive-
shaft transmission.

Fig. 8. Distortion of the US image of an iliac artery, in vitro,
with apparent obstructive disease. The slightly distorted image
of the vessel cross-section (left) suffers from a small periodic
scan rotation error of 9° peak-to-peak. The rate of stenosis is
41% of the original lumen area of 26.1 mm? The more
distorted image of the same vessel cross-section (right) is
recorded at a periodic scan rotation error angle of about 55°
peak-to-peak. It shows a rate of stenosis of 55% of a supposedly
original lumen area of 32.1 mm? These figures have been
determined with contour tracing software (bottom) (Li et al.
1991). Note: these images do not represent the imaging perfor-
mance of flex-shaft driven catheters in general, functioning in
the present clinical setting. Here the effects of non-uniform
catheter tip scan rotation have been enhanced for illustration
purposes.

Another extreme example of non-uniform ele-
ment rotation leading to artifacts may occur when
the catheter tip is forcibly pushed through a
pathway which is too narrow. The artifact il-
lustrated in Fig. 9 was caused by an introducer
with a too narrow sheath diameter. Images obtain-
ed under these circumstances can not be used for
quantitative analysis.
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Fig. 9. Example of an artifact due to severe non-uniform ele-
ment rotation as a result of forces to be avoided on the catheter

tip.

3.4. Specifications for adequate catheter tip scan ro-
tation

A lower limit to the scan speed of 1000 rev./min
is given by the need for real-time imaging and to
avoid image artifacts due to relative motion of the
imaged objects. Very high scan speeds may cause
other problems, as will subsequently be described,
so that a maximum limit must also be defined.

Fire-hose effect. High constant or momentary
rotation speeds may cause problems due to
mismatch of US pulse emission and echo reception
beam directions. The sensitivity for echoes from
more remote structures will diminish, resulting in
a smaller penetration depth of imaging. Further-
more, the image lines (lines of highest echo
amplitude) will become slightly curved, causing
another image deformation if not corrected for
(ten Hoff et al. 1989). This phenomenon is known
as the fire-hose effect. Analysis for a penetration
depth of 10 mm (US fréquency 30 MHz) shows
that the momentary rotation speed of the US beam
should not exceed 10000 rev./min in order to
avoid this effect.

Data acquisition. The signal processing, design-
ed and built for the echo catheter imaging system,
is based on the generation of 500 image lines per
revolution and a maximum of 3600 frames/min.
Data acquisition therefore has a maximum speed
of 30 000 image lines per second. At nominal rota-
tion speeds > 3600 rev./min, maintaining real-

time display, the tangential resolution has to be
reduced. If these high speeds only occur momen-
tarily and the nominal rotation speed is < 3600
rev./min, the data acquisition should be redesigned
or buffers for temporary data storage should be
provided.

Constant error angle 6. As explained earlier,
the three components of the scan rotation error
angle are not equally important for the image reli-
ability. The constant error, causing the whole
image to rotate, may not be that significant, as
long as the loss of the absolute orientation of the
image with respect to the patient’s anatomy is not
important.

Stochastic error angle 0, The stochastic error
angle disturbs the real-time aspect of the image
and should be minimized by ensuring a high
degree of reproducibility of succeeding images.
Imaging is performed with 500 radial image lines
per revolution, which, in addition to the beam pat-
tern, determines the tangential resolution in the
visualization of biological tissue. A misfit of two
succeeding images in the order of one degree can
therefore already disturb the real-time aspect of
the image. The variation A& of the average
angular velocity over one revolution @ should
therefore be limited according to:

Aw +0.5

— < == £ 0.0014 )
7 360

Velocity variations are caused by small stochastic
changes AT in the load T, i.e. the total driving tor-
que. The stiffness S of the driving mechanism
determines the sensitivity of the momentary
angular velocity w to the torque variations AT. In
the worst case situation, where AT exists over the
whole time-span of one revolution, this sensitivity
is expressed by:

Aw AT, %
W =
S

Analysis of a driving mechanism, functioning at a
chosen angular velocity, with a certain driving tor-
que and stiffness and an estimation of occurring
disturbances of this torque will show whether the
specification of eq. 4 can be met.

Periodic error angle 8,. Periodic errors with a
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frequency one order of magnitude lower than the
scan rotation frequency cause the entire image to
rotate forwards and backwards over a certain
angle. Sensitivity to slightly changing catheter
geometry (with the heart beat) can cause this phe-
nomenon. It can be annoying and its effect should
be minimized. Periodic errors with higher frequen-
cies, other than the driving frequency or its higher
harmonics, should be considered as affecting the
image in a way similar to the stochastic errors.

Without knowledge concerning the clinical pro-
tocol utilizing intravascular US imaging, it is hard
to define a maximum degree of acceptable image
distortion due to the periodic scan rotation error,
with a periodicity related to the driving frequency.
A qualitative judgement of Fig. 7 may show justifi-
cation of the acceptance of a maximum peak-to-
peak periodic error angle of 20°.

4. Working methods of catheter tip scan rotation

A variety of alternative micro-mechanisms to
achieve US element or mirror rotation in the
catheter tip has been investigated and generally
evaluated on their feasibility (Korbijn 1989). Only
a few methods will be discussed here.

4.1. Flexible drive-shaft rotation transmission

The direct transmission of a rotational motion
from a driving motor through the catheter to the
catheter tip is possible using a flexible drive-shaft.
This way, an energy or motion transformation in
the tip of the catheter can be avoided, but the flex-
shaft has to meet some seemingly contradicting
specifications.

The shaft runs through the whole length of the
catheter and adds to its overall bending rigidity.
Flexibility of the catheter is mandatory in order to
follow the tortuous blood vessels, hence, the drive-
shaft should also be flexible. For coronary use, the
bending rigidity of the catheter is in the order of
30 Nmm?2 The small diameter of the catheter
limits the diameter of the drive-shaft to less than
I mm. The need for a rotation transmission with
a high degree of angular fidelity calls for low fric-
tion, rotation symmetrical properties of the drive-
shaft, low bending rigidity and high torsional
rigidity.

For drive-shafts with elastic bending and tor-
sional behaviour it can be shown that reduction of
the ratio bending rigidity/torsional rigidity (E//S,)
improves the angular fidelity (ten Hoff 1993). Two
flexible drive-shaft designs will be discussed in the
following.

Solid wire or capillary. The simplest flexible
drive-shaft is formed by a solid round wire of
isotropic material or a capillary, if conducting
leads have to run through the shaft. From
(Timoshenko and Gere 1973) can be deduced that
for such a shaft the ratio EV/S, is:

EI EI E

—=—=—=14v (6)
S GlI, 26

where

E (N/'mm?) = Young’s modulus,

I (mm*) = moment of inertia of drive-shaft cross-
section,

G (N/mm?) = shear modulus,

I, (mm*) = polar moment of inertia of the round
drive-shaft cross-section,

v = Poisson’s ratio = E2G — 1,

S, = torsional stiffness.

Since the value of » is restricted to 0.25-0.5 for all
possible isotropic materials, the ratio E//S, has a
value between 1.25 and 1.5. For stainless steel,
where » = 0.32, EI/S, = 1.32.

It can be shown that this value of EI/S, is very
high. Therefore, this shaft is sensitive to all in-
fluences determining the rotation error angle of a
shaft in a curved catheter tube. Even under
moderately curved conditions solid material drive-
shafts will not perform well; the catheter has to be
kept as straight as possible.

For coronary applications, where the overall
catheter bending rigidity should not exceed 30
Nmm?, the diameter of the drive-shaft, being a
solid stainless steel wire, should be smaller than 0.2
mm, also allowing for a catheter tube of the same
stiffness. The minimum radius of curvature of 15
mm, occurring in the coronary application, re-
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Fig. 10. Spiral type drive-shaft with counter-wound layers of
multi-filament spirals. (a) Multi-layer configuration, (b) two-
layer configuration (Martin and Johnson 1989).

quires a shaft with a diameter of even less than 0.1
mm, to prevent plastic deformation of the shaft.
According to eq. 6, the ratio EI/S, does not
depend on the wire diameter, so this value remains
at 1.32. It has been shown that high fidelity rota-
tion transmission cannot be expected using this
wire under severely curved conditions.
Spiral-type drive-shaft. A popular design of the
flexible drive-shaft is based on the concept of
several layers of alternately helically wound steel
wire. This concept is known from the literature
(Niemann 1981), though mostly for applications
with larger diameters (> 3 mm). These spiral-type
flexible drive-shafts consist of several layers of
multi-filament spirals, where two succeeding layers
are wound in opposite directions (Fig. 10a). Essen-
tial to good performance of the shaft is the absence
of radial space between the spiral layers. The good
rotation-transmission characteristics of this shaft,
expressed by a low EV/S, ratio, can be explained
by the fact that a torque applied to the shaft in one
direction will tend to increase the diameter of one
set of spiral layers, while the layers in between,
which are counter-wound, tend to decrease in di-
ameter. Both effects partly eliminate each other.
The torque is directed largely into pure tensile and
compressive stresses in the spiral filaments. This
results in a small torque angle of the whole drive-
shaft assembly, so that the torsional rigidity is
much higher than the sum of the torsional

rigidities of all individual spirals. In the bending
mode the spirals act more independently, so that
the bending rigidity is about equal to the sum of
the bending rigidities of all individual spirals. The
best result is obtained when the driving direction
of the shaft induces diameter reduction in the
outer layer of spiral filaments.

The small space available in the catheter appli-
cation limits the construction of the drive-shaft to
only two spiral layers (Fig. 10b) (Martin and
Johnson 1989). In case of enough interference, i.e.
radial pre-tension between the two layers and low
driving torque, the driving direction will not in-
terfere with the drive-shaft characteristics and ro-
tation transmission fidelity may be expected to be
the same for both driving directions. The EI/S,
ratio for a spiral-type drive-shaft of small dimen-
sions (OD < | mm) has been shown to be less than
0.015.

A constant error angle in the order of 10° has
been shown to be possible in normal clinical appli-
cation. Also, a periodic error angle < 20° peak-to-
peak is feasible. A stochastic error angle < 1° im-
plies that the stochastic variation of the torque is
less than 10% of the constant torque and also less
than 10% of the amplitude of the periodic varia-
tion of the torque. These demands seem reason-
able and can be met. Consequently, the set
requirements can be met by this flexible drive-
shaft.

4.2. Electrostatic micro-motor

In conventional technology the electrostatic
motor hardly finds any application, because the
maximum torque of the motor is more than four
orders of magnitude lower than the torque of an
electro-magnetic motor of the same dimensions
(Bart et al. 1988), due to the limited breakdown
voltage in such a motor. However, for very small
motors with very small air gaps down to 2 um, the
maximum electric field can be 50—100 times higher
before breakdown occurs.

Therefore, the theoretical torque generated be-
tween rotor and stator may well be large enough
to drive an acoustic mirror in water. But many
basic and practical problems are to be solved
before practical utilization of the electrostatic
concept.
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4.3. Electro-magnetic micro-motor

A micro-motor based on conventional precision
engineering technology is in closer reach (Hadfield
1992). Prototypes of a motor with a diameter of 1
mm have been produced successfully and have
been shown to be capable of driving a small acous-
tic mirror in water. A rotor of permanent magnetic
material, with a diameter of 0.7 mm, rotates in two
bearings, driven by a stator with current-
conducting leads. In a first prototype the stator
conductors consisted of four seven-fold coils of
thin copper wire. The production of these coils,
the positioning in the stator and the connection to
the motor-leads turned out to be critical. Also, the
resulting distribution of conductors around the
rotor was sub-optimal. Therefore, a flex-print
based stator with a more optimal configuration of
conductor leads has been developed. This concept
is easier to reproduce and provides better perspec-
tives for economical manufacturing and further
miniaturization (Lancée and Bom 1993).

A periodic error angle of less than 10° peak-to-
peak can be achieved at a rotational speed of 3600
rev./min. Catheter tip prototyping, using this
motor to drive an acoustic mirror, is now in
process.

5. Conclusions

In intravascular ultrasound imaging, radial and
tangential catheter tip motion with respect to the
vessel wall give rise to image artifacts and, in par-
ticular for in vitro experiments, immobilization of
the catheter tip should be ensured.

Deviation from a predictable uniform scan rota-
tion also causes image artifacts, exhibiting either
loss of absolute orientation (due to a constant
error angle), loss of quality of the real-time aspect
(due to a stochastic error angle), or the occurrence
of deceptive image distortions (due to a periodic
error angle). The magnitude of acceptable scan
rotation errors (actual scan rotation angle minus
expected angle) depends on the specific clinical
application. But in general, the stochastic error
should be kept to a minimum: random misplace-
ment of image lines in the order of degrees is al-
ready disturbing to the interpretation of the image.
As an arbitrary criterion for the periodic error

angle, a maximum peak-to-peak value of 20° can
be defined.

The feasibility of catheter tip driving mech-
anisms for rotation of the ultrasonic beam should
be investigated, considering their potential effects
on the image reliability. A 0.8 mm OD double-
layer spiral type flexible drive-shaft has been
developed, which meets the requirements,
exhibiting a bending rigidity of 1.5 Nmm? and a
torsional rigidity of more than 100 Nmm?. This
drive-shaft is 90 times less sensitive to influences,
inducing rotation error angles, as a simple wire of
stainless steel, for example.

For clinical applications, spiral drive-shaft
catheters are being used in many research insti-
tutes. It is apparent that the absence of the long
drive-shaft, retaining good image quality for all
catheter geometries, is of importance to catheter
handling and flexibility of catheter design. There-
fore, the ‘motor in the tip’ approach is potentially
promising.

For future application, an electro-magnetic
micromotor has been developed, with a diameter
of 1 mm, for driving an acoustic mirror in the
catheter tip. The motor exhibits adequate running
behaviour under experimental conditions. First in
vitro images have been documented.
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