
US 20080287810A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2008/0287810 A1 

Park et al. (43) Pub. Date: NOV. 20, 2008 

(54) MINIATURE ACTUATOR MECHANISM FOR Publication Classi?cation 
INTRAVASCULAR OPTICAL IMAGING (51) Int Cl 

A61B 5/1459 (2006.01) 
(76) Inventors: Byong-Ho Park, Cincinnati, OH (52) US. Cl. ....................................... .. 600/478; 600/479 

(US); Stephen M. Rudy, Palo Alto, 57 ABSTRACT 
CA (U S) ( ) 

The present invention relates to a neW intravascular imaging 
_ device based on a Shape Memory Alloy (SMA) actuator 

§ONrgi§§Ed§i1§i€%d§esSSOLs0N & BEAR LLP mechanism embedded inside an elongate member such as a 
guide Wire or catheter. The present invention utilizes a novel 

2040 MAIN STREET’ FOURTEENTH FLOOR SMA mechanism to provide side-looking imaging by provid 
IRVINE’ CA 92614 (Us) ing movement for an optical coherence tomography (OCT) 

element. This novel SMA actuator mechanism can be easily 
(21) App1_ NO_; 11 /416,4()2 fabricated in micro-scale, providing an advantage over exist 

ing imaging devices by offering the ability to miniaturiZe the 
_ overall siZe of the device. Because the device does not require 

(22) Flled: May 2’ 2006 a rotating shaft or ?ber optic along the length of the catheter, 
it also alloWs for a more ?exible catheter or guide Wire, and 

Related US, Application Data provides room for other interventional devices. The device 
_ _ _ _ simpli?es the manufacture and operation of OCT by alloWing 

(60) PrOVlslOnal aPPhCaUOn NO- 60/678576, ?led on May a straight ?ber optic directed by an independent, oscillating 
4, 2005, provisional application No. 60/677,944, ?led 
on May 4, 2005, provisional application No. 60/710, 
304, ?led on Aug. 22, 2005, provisional application 
No. 60/711,653, ?led on Aug. 25, 2005, provisional 
application No. 60/781,786, ?led on Mar. 13, 2006. 

re?ector or prism controlled by the actuator mechanism 
located only in the distal tip of the device. A variation uses the 
actuator mechanism to rotate only the distal end of the optical 
?ber, eliminating the need to spin the entire ?ber via a remote 
mechanism. Also disclosed are methods of using the same. 
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MINIATURE ACTUATOR MECHANISM FOR 
INTRAVASCULAR OPTICAL IMAGING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority under 35 U.S.C. 
119 to US. Provisional Application Ser. No. 60/678,676, 
?led May 4, 2005, titled “Multiple transducers for large ?eld 
of vieW in intravascular ultrasound imaging,” U.S. Provi 
sional Application Ser. No. 60/677,944, ?led May 4, 2005, 
titled “Shape memory alloy (SMA) mechanism for side-look 
ing intravascular imaging,” US. Provisional Application Ser. 
No. 60/710,304, ?led Aug. 22, 2005, titled “Guide Wire 
enabled With intravascular ultrasound imaging for interven 
tional applications,” and US. Provisional Application Ser. 
No. 60/711,653, ?ledAug. 25, 2005, titled “Miniature mirror 
based intravascular ultrasound imaging device for interven 
tional applications,” and US. Provisional Application Ser. 
No. 60/781,786, ?led Mar. 13, 2006, titled “Electrically 
driven miniature intravascular optical coherence tomography 
imaging device,” the entire contents of each of Which are 
incorporated herein by reference. This application is also 
related to US. patent application Ser. No. ?led on 
May 2, 2006, entitled “MULTIPLE TRANSDUCERS FOR 
INTRAVASCULAR ULTRASOUND IMAGING” and US. 
patent application Ser. No. ?led on May 2, 2006, 
entitled “MINIATURE ACTUATOR MECHANISM FOR 
INTRAVASCULAR IMAGING,” the entire contents of each 
of Which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The present invention concerns a miniature actuator 
Which is useful in intravascular imaging devices including 
intravascular ultrasound (IVUS), and optical coherence 
tomography (OCT). The miniature actuator mechanism and 
ultrasound or OCT imaging device is embedded in an elon 
gate member such as an intravascular guide Wire or catheter to 
provide imaging guidance in various interventional applica 
tions. Also disclosed is a re?ector-based ultrasound imaging 
device created to minimiZe the overall scale of the imaging 
device, as Well as ultrasound transducers having multiple 
transducer crystals to increase the ?eld of vieW of the device 
While maintaining its small siZe. 
[0004] 2. Description of the Related Art 
[0005] Coronary artery disease is very serious and often 
requires an emergency operation to save lives. The main 
cause of coronary artery disease is the accumulation of 
plaques inside artery, Which eventually occludes blood ves 
sels. Several solutions are available, e. g., balloon angioplasty, 
rotational atherectomy, and intravascular stents, to open up 
the clogged section, Which is called stenosis. Traditionally, 
during the operation, surgeons rely on X-ray ?uoroscopic 
images that are basically planary images shoWing the external 
shape of the silhouette of the lumen of blood vessels. Unfor 
tunately, With X-ray ?uoroscopic images, there is a great deal 
of uncertainty about the exact extent and orientation of the 
atherosclerotic lesions responsible for the occlusion, making 
it dif?cult to ?nd the exact location of the stenosis. In addi 
tion, though it is knoWn that restenosis can occur at the same 
place, it is di?icult to check the condition inside the vessels 
after surgery. Similarly, intravascular imaging Would prove 
valuable during interventional procedures as an aid to navi 
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gation and for intraoperative feedback. For example, the pre 
cise placement and appropriate expansion of stents Would 
bene?t from concurrent intravascular imaging. Existing intra 
vascular imaging devices are too large and insuf?ciently ?ex 
ible to be placed simultaneously With other devices. 
[0006] In order to resolve these issues, an ultrasonic trans 
ducer device has been utiliZed for endovascular intervention 
to vi sualiZe the inside of the blood vessels. To date, the current 
technology is mostly based on one or more stationary ultra 
sound transducers or rotating a single transducer in parallel to 
the blood vessels by means of a rotating shaft Which extends 
through the length of the catheter to a motor or other rotary 
device located outside the patient. These devices have limi 
tations in incorporating other interventional devices into a 
combination device for therapeutic aspects. They require a 
large space inside catheter such that there is not enough room 
to accommodate other interventional devices. Also due to the 
nature of the rotating shaft, the distal end of the catheter is 
very stiff and it is hard to go through tortuous arteries. The 
high speed rotating shaft also contributes to distorted non 
uniform images When imaging a tortuous path in the vascu 
lature. OCT has also been utiliZed to visualiZe the intravas 
cular space based on differential re?ectance, but like the 
existing ultrasound devices, most rely on a rotating ?ber optic 
Which extends along the length of the device. This approach 
also has problems, including for example the manipulation, 
spinning and scanning motion required With respect to a 
delicate glass or polycarbonate optical ?ber; the actuator 
mechanism located outside the patient and tip located inside 
the patient are signi?cantly distant from one another, leading 
to ine?iciencies and control issues arising from the torque 
created by a long, spinning member; and remote mechanical 
manipulation and a long spinning element distort the image 
due to non-uniform rotational distortion. Given the numerous 
di?iculties With current intravascular imaging devices, there 
is a need for improved intravascular imaging devices. 

SUMMARY OF THE INVENTION 

[0007] One embodiment of the invention is a side-looking 
intravascular optical coherence tomography apparatus com 
prising an elongate member having a proximal end and a 
distal end, Where at least a portion of the distal end is at least 
partially transparent to light energy; an actuator mechanism 
disposed in the distal end, the actuator mechanism compris 
ing a ?rst anchor, a second anchor, at least one movable 
element, a ?rst SMA actuator connected to the ?rst anchor 
and at least one movable element, and a deformable compo 
nent connected to the second anchor and at least on movable 
element, Where the anchor elements are secured relative to the 
elongate member; an optical ?ber having a proximal and a 
distal end, the distal end of the optical ?ber disposed in the 
distal end of the elongate member substantially parallel to a 
longitudinal axis of the elongate member; and a re?ector 
connected to the movable element, the re?ector oriented to 
re?ect light energy from a distal tip of the optical ?ber 
through the transparent portion of the distal end at an angle of 
betWeen about 150 to about 1650 relative to the longitudinal 
axis of the elongate member; Where the ?rst SMA actuator 
has an activated and a deactivated state; and Where the mov 
able element and mirror move in a ?rst direction relative to the 
elongate member upon activation of the ?rst SMA actuator. In 
another embodiment, the deformable component comprises a 
second SMA actuator; Where the second actuator has an acti 
vated and a deactivated state; and Where activation of the 
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second SMA actuator following deactivation of the ?rst SMA 
actuator moves the movable element and re?ector relative to 
the elongate member in a second direction of movement 
Which is counter to the ?rst direction of movement. In some 
embodiments the deformable component is elastic or super 
elastic; Where the deformable component has a relaxed state 
and a deformed state; Where the deformable component is in 
a relaxed state When the ?rst SMA actuator is deactivated; 
Where the movement of the movable element and re?ector in 
the ?rst direction upon activation of the ?rst SMA actuator 
deforms the elastic or superelastic deformable component; 
and Where following deactivation of the ?rst SMA, the elastic 
or superelastic deformable component substantially returns 
to the relaxed state, the movable element and re?ector moving 
in a second direction of movement Which is counter to the ?rst 
direction of movement. 

[0008] In some embodiments, the ?rst and second direction 
of movement is rotational about the longitudinal axis of the 
elongate member, or substantially parallel to the longitudinal 
axis of the elongate member. In some embodiments the elon 
gate member is a guide Wire. Another embodiment further 
comprises a lumen traversing the longitudinal axis of the 
elongate member; and Wires disposed in the lumen to electri 
cally connect the ?rst SMA actuator and optionally the 
deformable component to one or more devices at the proximal 
end of the elongate member. In some embodiments the device 
is a signal processor. 
[0009] In some embodiments the re?ector is oriented to 
re?ect light energy from a distal tip of the optical ?ber 
through the transparent portion of the distal end at an angle of 
betWeen about 80° and about 110° relative to the longitudinal 
axis of the elongate member. In some embodiments the diam 
eter of the distal end of the elongate member is not more than 
about 0.060 inches. 

[0010] Another embodiment further comprises a connect 
ing arm; the connecting arm connecting the re?ector to a 
movable element; Where the movable element, connecting 
arm and re?ector move in a ?rst direction relative to the 
elongate member upon activation of the ?rst SMA actuator. In 
some embodiments the deformable component comprises a 
second SMA actuator; Where the second actuator has an acti 
vated and a deactivated state; and Where activation of the 
second SMA actuator folloWing deactivation of the ?rst SMA 
actuator moves the movable element, connecting arm and 
re?ector relative to the elongate member in a second direction 
of movement Which is counter to the ?rst direction of move 
ment. In some embodiments the deformable component is 
elastic or superelastic, and has a relaxed and deformed state; 
Where the deformable component is in a relaxed state When 
the ?rst SMA actuator is deactivated; Where the movement of 
the movable element, connecting arm and re?ector in the ?rst 
direction upon activation of the ?rst SMA actuator deforms 
the elastic or superelastic deformable component; and Where 
folloWing deactivation of the ?rst SMA actuator, the elastic or 
superelastic deformable component substantially returns to 
the relaxed state, the movable element, connecting arm and 
re?ector moving in a second direction of movement Which is 
counter to the ?rst direction of movement. 

[0011] Another embodiment is a side-looking intravascular 
optical coherence tomography apparatus comprising an elon 
gate member having a proximal end and a distal end, Where at 
least a portion of the distal end is transparent to light energy; 
an actuator mechanism disposed in the distal end, the actuator 
mechanism comprising a ?rst anchor, a second anchor, a 
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movable element, a ?rst SMA actuator connected to the ?rst 
anchor and the movable element, and a deformable compo 
nent connected to the second anchor and the movable ele 
ment, Where the anchor elements are secured relative to the 
elongate member; an optical ?ber having a proximal and a 
distal end, the distal end of the optical ?ber disposed in the 
distal end of the elongate member substantially parallel to a 
longitudinal axis of the elongate member, the moveable ele 
ment connected to the distal end of the optical ?ber; a re?ector 
connected to a distal tip of the optical ?ber, the re?ector 
oriented to re?ect light energy from the distal tip of the optical 
?ber through the transparent portion of the distal end at an 
angle betWeen about 15° to about 165° relative to the longi 
tudinal axis of the elongate member; Where the ?rst SMA 
actuator has an activated and a deactivated state; and Where 
the movable element, distal tip of the optical ?ber and the 
re?ector move in a ?rst direction relative to the elongate 
member upon activation of the ?rst SMA actuator. In some 
embodiments the deformable component comprises a second 
SMA actuator; Where the second actuator has an activated and 
a deactivated state; and Where activation of the second SMA 
actuator folloWing deactivation of the ?rst SMA actuator 
moves the movable element, distal tip of the optical ?ber and 
the re?ector relative to the elongate member in a second 
direction Which is counter to the ?rst direction of movement. 
In some embodiments the deformable component is elastic or 
superelastic, and has a relaxed and deformed state; Where the 
deformable component is in a relaxed state When the ?rst 
SMA actuator is deactivated; Where the movement of the 
movable element, distal tip of the optical ?ber and the re?ec 
tor in the ?rst direction upon activation of the ?rst SMA 
deforms the elastic or superelastic deformable component; 
and Where folloWing deactivation of the ?rst SMA actuator, 
the elastic or superelastic deformable component substan 
tially returns to the relaxed state, the movable element, distal 
tip of the optical ?ber and the re?ector moving in a second 
direction of movement Which is counter to the ?rst direction 
of movement. 

[0012] Another embodiment is a method for visualiZing the 
interior of a patient’s vasculature, the method comprising 
inserting the distal end of an apparatus disclosed herein into 
the vasculature of a patient; generating a cyclical movement 
of the movable element and re?ector by alternating the acti 
vation and deactivation of the ?rst SMA actuator and option 
ally the deformable component, such that the movable ele 
ment and re?ector are moved in the ?rst and the second 
direction; transmitting light energy from the proximal end of 
the optical ?ber to the distal tip, re?ecting the energy on the 
re?ector; receiving light energy re?ected from the interior of 
the vasculature on re?ector and re?ecting the energy on the 
distal tip of the optical ?ber; transmitting the energy from the 
distal tip of the optical ?ber to the proximal end of the ?ber; 
producing an image from the re?ected energy. In some 
embodiments, the cyclical movement of the movable element 
and re?ector is generated by alternating the activation of the 
?rst SMA actuator and the second SMA actuator, such that 
the movable element and re?ector are moved in the ?rst and 
the second direction. 

[0013] Another embodiment is a method for visualiZing the 
interior of a patient’s vasculature, the method comprising 
inserting the distal end of an apparatus described herein into 
the vasculature of a patient; generating a cyclical movement 
of the movable element, connecting arm and re?ector by 
alternating the activation and deactivation of the ?rst SMA 
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actuator and optionally the deformable component, such that 
the movable element, connecting arm and re?ector are moved 
in the ?rst and the second direction; transmitting light energy 
from the proximal end of the optical ?ber to the distal tip, 
re?ecting the energy on the re?ector; receiving light energy 
re?ected from the interior of the vasculature on re?ector and 
re?ecting the energy on the distal tip of the optical ?ber; 
transmitting the energy from the distal tip of the optical ?ber 
to the proximal end of the ?ber; and producing an image from 
the re?ected energy. In some embodiments the cyclical move 
ment of the movable element, connecting arm and re?ector is 
generated by altemating the activation of the ?rst SMA actua 
tor and the second SMA actuator, such that the movable 
element, connecting arm and re?ector are moved in the ?rst 
and the second direction. 
[0014] Another embodiment is a method for visualiZing the 
interior of a patient’s vasculature, the method comprising 
inserting the distal end of an apparatus disclosed herein into 
the vasculature of a patient; generating a cyclical movement 
of the movable element, distal tip of the optical ?ber and the 
re?ector by alternating the activation and deactivation of the 
?rst SMA actuator and optionally the deformable component, 
such that the movable element, distal tip of the optical ?ber 
and the re?ector are moved in the ?rst and the second direc 
tion; transmitting light energy from the proximal end of the 
optical ?ber to the distal tip, re?ecting the energy on the 
re?ector; receiving light energy re?ected from the interior of 
the vasculature on re?ector and re?ecting the energy on the 
distal tip of the optical ?ber; transmitting the energy from the 
distal tip of the optical ?ber to the proximal end of the ?ber; 
and producing an image from the re?ected energy. In some 
embodiments the cyclical movement of the movable element, 
distal tip of the optical ?ber and the re?ector is generated by 
alternating the activation of the ?rst SMA actuator and the 
second SMA actuator, such that the movable element, distal 
tip of the optical ?ber and the re?ector are moved in the ?rst 
and the second direction. 
[0015] Another embodiment is a side-looking intravascular 
optical coherence tomography apparatus comprising an elon 
gate member having a proximal end and a distal end, Where at 
least a portion of the distal end is transparent to light energy; 
an optical ?ber having a distal end, the distal end of the optical 
?ber disposed in the distal end of the elongate member; a 
re?ector means disposed in the distal end of the elongate 
member; and an actuator mechanism means for providing 
cyclical motion to the re?ector; Where the re?ector and distal 
end of the optical ?ber is oriented to transmit light energy 
through the light transparent portion of the distal end of the 
elongate member at an angle of betWeen about 15° to about 
165° relative to a longitudinal axis of the elongate member. In 
some embodiments, the actuator mechanism means com 

prises a ?rst anchor, a second anchor, a movable element, a 
?rst SMA actuator connected to the ?rst anchor and the mov 
able element, and a deformable component connected to the 
second anchor and the movable element, Where the anchor 
elements are secured relative to the elongate member. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a partial cut-aWay perspective vieW shoW 
ing an embodiment of the actuator mechanism of the present 
invention and an ultrasound transducer disposed in the distal 
end of an elongate member. 
[0017] FIGS. 2a and 2b are perspective vieWs illustrating 
rotational motion of the actuator mechanism shoWn in FIG. 1, 
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While FIGS. 20 and 2d illustrate longitudinal motion of the 
actuator mechanism shoWn in FIG. 1. 
[0018] FIG. 3 is a perspective vieW shoWing an embodi 
ment of the actuator mechanism of the present invention 
connected to an ultrasound transducer by a connecting arm. 
[0019] FIG. 4 is a perspective vieW of the device of FIG. 3 
disposed in the distal end of an elongate member having an 
ultrasound transparent WindoW. 
[0020] FIG. 5 is a perspective vieW of the distal end of an 
elongate member With an actuator mechanism and ultrasound 
transducer structure disposed therein. 
[0021] FIG. 6 is a perspective vieW of the distal end of an 
elongate member With an actuator mechanism and tWo ultra 
sound support structures stacked orthogonally. 
[0022] FIG. 7 is a perspective vieW shoWing an actuator 
mechanism With an ultrasound re?ector connected by a con 
necting arm, With an ultrasound transducer aligned With the 
re?ector. 
[0023] FIG. 8 is a partial cut-aWay perspective vieW shoW 
ing the device of FIG. 7 housed in the distal end of an elongate 
member With an ultrasound transparent WindoW. 
[0024] FIG. 9 is a schematic draWing of an optical coher 
ence tomography device With an actuator mechanism, a 
re?ector and an optical ?ber disposed in an elongate member 
having a transparent WindoW. 
[0025] FIG. 10 is a schematic draWing of another embodi 
ment of an optical coherence tomography device With an 
actuator mechanism connected to an optical ?ber With a 
re?ector on its distal end, disposed in an elongate member 
having an transparent WindoW. 
[0026] FIG. 11 is a schematic draWing of another embodi 
ment of an optical coherence tomography device With an 
actuator mechanism, a re?ector and an optical ?ber disposed 
in an elongate member having a transparent WindoW. 
[0027] FIGS. 12a, 12b, and 120 are schematic draWings 
illustrating ultrasound transducers having one, tWo, or three 
individual transducer crystals, respectively. FIGS. 12d, 12e, 
and 12f illustrate the ?eld of vieW obtained by rotating the 
transducers of FIGS. 12a, 12b, and 120, respectively. 
[0028] FIGS. 13a and 13b are perspective vieWs shoWing 
tWo tubular structures each With a built-in compliant mecha 
nism in different design con?guration. 
[0029] FIG. 14 is a perspective vieW shoWing an ultrasound 
transducer coupled to a micromanipulator having the compli 
ant structure of FIG. 13a and tWo SMA actuators con?gured 
to actuate the compliant mechanism thereof. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0030] The present invention relates to imaging devices for 
intravascular imaging, although the present invention is not 
limited to this preferred application. Imaging of the intravas 
cular space, particularly the interior Walls of the vasculature 
can be accomplished by a number of different means. TWo of 
the most common are the use of ultrasound energy, com 

monly knoWn as intravascular ultrasound (IVUS) and optical 
coherence tomography (OCT). Both of these methods are 
optimiZed When the instruments (IVUS or OCT) used for 
imaging a particular portion of the vasculature are repeatedly 
sWept over the area being imaged. 
[0031] To address the limitations in current devices, a neW 
intravascular imaging device is described based on a Shape 
Memory Alloy (SMA) actuator mechanism embedded inside 
an elongate member such as a guide Wire or catheter. The 
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present invention utilizes a novel SMA mechanism to provide 
side-looking imaging by providing movement for an ultra 
sound transducer or OCT element. Since this novel SMA 
actuator mechanism can be easily fabricated in micro-scale 
using laser machining or other fabrication techniques, it pro 
vides an advantage over existing imaging devices because it 
offers the ability to miniaturiZe the overall siZe of the device, 
While the use of multiple transducer crystals maximizes ?eld 
of vieW. The small dimensions of the actuator mechanism of 
the invention alloWs for the diameter of the elongate member 
in Which it is housed to be very small. The outside diameter of 
the elongate member, such as a guide Wire or catheter con 
taining an imaging device described herein can be as small as 
from about 0.0050" to about 0.060" outside diameter. The 
outside diameter for elongate members can be larger When the 
imaging device is combined With other interventional 
devices, although the outside diameter of these devices can be 
as small as 0.060" or smaller. Current catheters containing 
IVUS range from 0.70 mm to 3 mm in outside diameter. 

[0032] Because the device does not require a rotating shaft 
or ?ber optic along the length of the catheter, it also alloWs for 
a more ?exible catheter or guide Wire, and provides room for 
other interventional devices. In addition, it eliminates the 
problems mentioned above With current OCT technology 
because it does not require rotating the entire length of the 
optical ?ber. This invention simpli?es the manufacture and 
operation of OCT by alloWing a straight ?ber optic directed 
by an independent, oscillating re?ector or prism controlled by 
the actuator mechanism located only in the distal tip of the 
device. A variation uses the actuator mechanism to rotate only 
the distal end of the optical ?ber, eliminating the need to spin 
the entire ?ber via a remote mechanism. 

[0033] In a preferred embodiment, an ultrasound re?ector 
can be implemented together With the SMA actuator mecha 
nism. This has an advantage over the prior art because it 
eliminates the rotational load required to rotate a transducer 
and accompanying electrical Wiring, further reducing siZe 
and increasing the amount of movement provided by the 
actuator, Which in turn increases the ?eld of vieW provided by 
the device. This preferred embodiment also increases imag 
ing quality by alloWing for a thicker backing layer for the 
ultrasound transducer, since the backing layer does not affect 
the diameter of the device. This in turn improves the signal 
to-noise characteristics of the device and thus improves 
image quality. In addition, because the transducer does not 
need to be rotated, this also removes a constraint on the siZe of 
the backing layer. 
[0034] As used herein, elongate member includes any thin, 
long, ?exible structure Which can be inserted into the vascu 
lature of a patient. Elongate members include, for example, 
intravascular catheters and guide Wires. The actuator mecha 
nism is disposed in the distal end of the elongate member. As 
used herein, “distal end” of the elongate member includes any 
portion of the elongate member from the mid-point to the 
distal tip. As elongate members can be solid, some Will 
include a housing portion at the distal end for receiving the 
actuator mechanism. Such housing portions can be tubular 
structures attached to the side of the distal end or attached to 
the distal end of the elongate member. Other elongate mem 
bers are tubular and have one or more lumens in Which the 
actuator mechanism can be housed at the distal end. 

[0035] “Connected” and variations thereof as used herein 
includes direct connections, such as being glued or otherWise 
fastened directly to, on, Within, etc. another element, as Well 
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as indirect connections Where one or more elements are dis 

posed betWeen the connected elements. 
[0036] “Secured” and variations thereof as used includes 
methods by Which an element is directly secured to another 
element, such as being glued or otherWise fastened directly to, 
on, Within, etc. another element, as Well as indirect means of 
securing tWo elements together Where one or more elements 
are disposed betWeen the secured elements. 
[0037] Movements Which are counter are movements in the 
opposite direction. For example, if the movable element is 
rotated clockWise, rotation in a counterclockWise direction is 
a movement Which is counter to the clockWise rotation Simi 
larly, if the movable element is moved substantially parallel to 
the longitudinal axis of the elongate member in a distal direc 
tion, movement substantially parallel to the longitudinal axis 
in a proximal direction is a counter movement. 

[0038] As used herein, “light” or “light energy” encom 
passes electromagnetic radiation in the Wavelength range 
including infrared, visible, ultraviolet, and X rays. The pre 
ferred range of Wavelengths for OCT is from about 400 nm to 
about 1400 nm. For intravascular applications, the preferred 
Wavelength is about 1200 to about 1400 nm. Optical ?bers 
include ?bers of any material Which can be used to transmit 
light energy from one end of the ?ber to the other. 
[0039] “Re?ector” as used herein encompasses any mate 
rial Which re?ects or refracts a substantial portion of the 
ultrasound or light energy directed at it. In some embodi 
ments of the OCT device the re?ector is a mirror. In others, it 
is a prism. This alloWs refractive optical coherence tomogra 
phy (as opposed to re?ective tomography using a mirror.) The 
prism can also be designed to replace the lens typically 
required at the distal tip of the optical ?ber. 
[0040] Embodiments of the invention Will noW be 
described With reference to the accompanying Figures, 
Wherein like numerals refer to like elements throughout. The 
terminology used in the description presented herein is not 
intended to be interpreted in any limited or restrictive manner, 
simply because it is being utiliZed in conjunction With a 
detailed description of certain speci?c embodiments of the 
invention. Furthermore, embodiments of the invention can 
include several novel features, no single one of Which is 
solely responsible for its desirable attributes or Which is 
essential to practicing the inventions herein described. 
[0041] FIG. 1 illustrates a novel actuator mechanism 10 for 
achieving the sWeeping or scanning motion used for IVUS or 
OCT imaging. FIG. 1 shoWs an actuator mechanism 10, 
Which is housed in the distal end of an elongate member 11, 
With the longitudinal axis of the actuator mechanism 10 ori 
ented substantially parallel to the longitudinal axis of the 
elongate member 11. The elongate member 11 Will be 
described in greater detail beloW With reference to FIG. 4. The 
actuator mechanism 10 includes a ?rst anchor 12 and a second 
anchor 14 Which are secured relative to the interior of the 
elongate member 11 to anchor the actuator mechanism 10 to 
the distal end of elongate member 11 such that the anchors 12 
and 14 cannot move relative to elongate member 11. The 
actuator mechanism 10 also has a movable element 16 Which 
is not secured relative to the elongate member 11, and Which 
is free to move in at least one range of motion relative to the 
anchors 12 and 14 and elongate member 11. 
[0042] The ?rst anchor 12 is connected to the movable 
element 16 by a shape memory alloy (SMA) actuator 20 
Which moves movable element 16 When activated as 
described in more detail beloW. The SMA actuator 20 can be 
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fabricated from any known material With shape memory char 
acteristics, the preferred material being nitinol. In an alterna 
tive embodiment the actuator mechanism 10 canbe fabricated 
Without from a single tubing using any material With shape 
memory characteristics, incorporating the ?rst anchor 12, 
second anchor 14, moveable element 16, SMA actuator 20 
and deformable component 22 (described beloW). As knoWn 
by those of skill in the art, SMAs can be fabricated to take on 
a predetermined shape When activated. Activation of an SMA 
actuator consists of heating the SMA such that it adopts its 
trained shape. Typically, this is accomplished by applying an 
electric current across the SMA element. Deactivation of an 
SMA actuator includes turning off current to SMA, such that 
it returns to its pliable state as it cools. Activation of the SMA 
to its trained shape results in a force Which can be utiliZed as 
an actuator. As one of skill in the art Will recogniZe, the 
disclosed SMA actuator 20 can take numerous shapes and 
con?gurations in addition to the helical shape shoWn in FIG. 
1. For example it could be linear, or more than one (eg 2, 3, 
4 or more) SMA elements could be used to make the SMA 
actuator 20. 

[0043] The second anchor 14 is connected to the movable 
element 16 by a deformable component 22. The deformable 
component 22 is made from materials Which are not rigid, 
including elastic and superelastic, and non-elastic materials. 
Deformable materials include trained and untrained SMAs. 
Elastic alloys include, but are not limited to, stainless steel 
and titanium alloy, and superelastic alloys include but are not 
limited to, nitinol, CuiAliNi, CuiAl, CuiZniAl, 
TiiV and TiiNb alloy. 
[0044] In an alternative embodiment, one or both of the 
anchors 12 and 14 are eliminated, and one end the SMA 
actuator 20 and/ or the deformable component 22 are secured 
directly to the elongate member 11. Also one or both of the 
anchors 12 and 14 are secured indirectly to the elongate 
member 11 through additional elements such as an interme 
diate housing for the actuator mechanism 10. In addition, the 
SMA actuator 20 and/or deformable component 22 can be 
connected to either of, or both the anchor 12 or 14 and the 
movable element 16 through additional elementsithey need 
not be directly connected to the anchor or movable element as 
shoWn. Alternatively, the moveable element 16 can include, 
or have an additional element(s) connected thereto, that 
extend over or Within the anchors 12 and/ or 14 With enough 
clearance such that the additional element(s) supports the 
movement of the moveable element 16 and help to align it 
relative to the anchors 12 and 14ithis alignment provides 
precise and uniform motion in the elongate member 11. 
[0045] In the embodiment illustrated in FIG. 1, an ultra 
sound transducer 24 is connected to the movable element of 
the actuator mechanism by being disposed on the moveable 
element. 

[0046] In addition, While FIG. 1 shoWs only a single move 
able element, multiple moveable elements are possible. For 
example, the SMA actuator 20 could be connected to a ?rst 
moveable element, and the deformable component 22 could 
be connected to a second moveable element, With the trans 
ducer 24 disposed betWeen the tWo moveable elements. Alter 
natively, the moveable element(s) can be eliminated and the 
SMA actuator 20 and the deformable component 22 can be 
attached directly to the ultrasound transducer 24. 
[0047] In the embodiment shoWn in FIG. 1, the ultrasound 
transducer 24 is oriented such that it transmits ultrasound 
energy at an angle of about 90° relative to the longitudinal 
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axes of the actuator mechanism 10 and elongate member 11. 
The angle of orientation of the ultrasound transducer 24 rela 
tive to the longitudinal axes can be any angle betWeen about 
15° and about 165°, With the preferred angle for side-looking 
ultrasound being betWeen about 80° and about 110°. Angles 
contemplated include about 15, 20, 25, 30, 35, 40, 45, 50, 55, 
60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120, 125, 
130, 135, 140, 145, 150, 155, 160, and about 165 degrees, or 
can fall Within a range betWeen any tWo of these values. For 

example, 15 (or 165, depending on orientation) degrees are 
preferred for forWard-looking ultrasound imaging applica 
tions. 

[0048] Housed in the elongate member 11, the actuator 10 
shoWn in FIG. 1 can be used to generate movement of the 
moveable element 16 as shoWn in FIG. 2. By activating the 
SMA actuator 20, a force is generated Which displaces the 
moveable element 16 and transducer 24 in a ?rst direction 
since the anchor 12 is secured relative to the elongate member 
(not shoWn). FIG. 2a illustrates movement in a ?rst direction, 
indicated by the arroW, Which is rotational about the longitu 
dinal axis of the actuator mechanism 10. FIG. 20 illustrates a 
movement in a ?rst direction, indicated by the arroW, Which is 
substantially parallel to the longitudinal axis of the actuator 
mechanism 10. The direction of movement generated by acti 
vation of the SMA actuator 20 Will depend on con?guration 
of the SMA actuator 20 relative to the anchor 12 and move 
able element 16, as Well as the shape Which is trained into the 
SMA actuator 20. For example, the SMA actuator 20 shoWn 
in FIG. 2a is trained to tWist When activated, While the SMA 
actuator 20' shoWn in FIG. 20 is trained to contract. A com 
bination of rotational and longitudinal movements is possible 
as Well, for example by using an SMA actuator trained to tWist 
and extend or contract, or by using a combination of SMA 
elements or actuators. For example, tWo or more SMA actua 

tors could be linked in series. 

[0049] FIGS. 2b and 2d illustrate counter movements in a 
second direction, indicated by the arroWs, Which provides an 
oscillating movement to the moveable element 16 and trans 
ducer 24. This counter movement is provided by the deform 
able component 22 or 22', preferably When the SMA actuator 
20 or 20' is deactivated. The deformable component 22 can be 
any elastic or superelastic material, or a second SMA actua 
tor. The deformable component is in a relaxed state When the 
SMA actuator 20 or 20' is in the deactivated state. When the 
?rst SMA actuator 20 or 20' is activated, as shoWn in FIGS. 2a 
and 2c, the deformable component 22 or 22' is deformed by 
the movement of the moveable element 16 since the second 
anchor 14 is secured relative to the elongate member (not 
shoWn). 
[0050] In an embodiment Where the deformable component 
22 or 22' is an elastic or superelastic material, the energy 
stored in the deformable component 22 or 22' When it is in its 
deformed state shoWn in FIGS. 2a and 20 moves the moveable 
element 16 and transducer 24 to the position shoWn in FIGS. 
2b and 2d When the ?rst SMA 20 or 20' is deactivated. This 
movement in the second direction, indicated by the arroW, is 
counter to the movement in the ?rst direction. By alternately 
activating and deactivating the ?rst SMA 20 or 20', a cyclical 
movement of the moveable element 16 and transducer 24 Will 
result. This cyclical movement can be rotational about the 
longitudinal axis of the of the actuator mechanism 10 as 
shoWn in FIGS. 2a and 2b, or approximately parallel to the 
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longitudinal axis of the actuator mechanism 10 as shown in 
FIGS. 20 and 2d, or a combination of rotational and longitu 
dinal movement (not shoWn). 
[0051] In a preferred embodiment, the deformable compo 
nent 22 or 22' is a second SMA actuator that is trained to move 
the moveable element 16 and transducer 24 in a second direc 
tion Which is counter the movement in the ?rst direction 
caused by activation of the ?rst SMA actuator 20 or 20'. In this 
embodiment, the cyclical motion is generated by the altemat 
ing activation of the ?rst SMA actuator 20 or 20' and the 
second SMA actuator 22 or 22'. The activation of the ?rst 
SMA actuator 20 or 20' deforms the second SMA actuator 22 
or 22' Which is in its inactive state, as illustrated in FIGS. 2a 
and 2c. The ?rst SMA actuator 20 or 20' is deactivated and the 
second actuator SMA 22 or 22' is activated, causing the defor 
mation of the ?rst SMA actuator 20 or 20' and the movement 
of the moveable element 16 and transducer 24 as illustrated in 
FIGS. 2b and 2d. 
[0052] FIG. 3 shoWs another embodiment of the invention 
including the actuator mechanism 10 illustrated in FIGS. 1 
and 2. As in FIG. 1, the actuator mechanism 10 in FIG. 3 
includes a ?rst anchor 12, a second anchor 14, a movable 
element 16. The ?rst anchor 12 is connected to the movable 
element 16 by a SMA actuator 20. The second anchor 14 is 
connected to the movable element 16 by a deformable com 
ponent 22. In the embodiment illustrated in FIG. 3, the ultra 
sound transducer 24 is connected to the moveable element 16 
by a connecting arm 26, such that movement of the moveable 
element 16 results in movement of the ultrasound transducer 
24 and connecting arm 26. The movement of the moveable 
element 16 is generated as described above and illustrated in 
FIG. 2. In an alternate embodiment, the portion of the con 
necting arm 26 that is shoWn extending past the moveable 
element 16 and passing through the second anchor 14 is 
removed. The connecting arm 26 can have a lumen (not 
shoWn), and optionally Wires can pass through the lumen to 
connect the transducer 24 to an ultrasound signal generator 
and processor located at the proximal end of the elongate 
member in Which the actuator mechanism and transducer are 
housed. While the actuator mechanism 10 is illustrated as 
having the SMA actuator 20 in closer proximity to the trans 
ducer 24 than the deformable component 22, one of skill in 
the art Will readily appreciate that the actuator mechanism 10 
can be oriented such that the location of the SMA actuator 20 
and the deformable component 22 are reversed. 

[0053] In several embodiments disclosed herein, the con 
necting arm 26 is shoWn passing through the center of the 
anchor 12 and 14 and moveable element 16. One of skill in the 
art Will recogniZe that it is not necessary to locate the con 
necting arm 26 along the longitudinal axis of the actuator 
mechanism 10. For example, the connecting arm 26 could be 
located on an exterior surface of the moveable element 16, 
and the anchor 12 could have a cut-out to alloW the movement 
of the connecting arm 26 over the anchor 12. In addition, it 
can be desirable to provide structural supports for the move 
able element 16 to stabiliZe its movement Within the elongate 
member. 

[0054] FIG. 4 illustrates an elongate member 30 Which has 
a distal end 32 in Which the actuator mechanism and ultra 
sound transducer 34 are housed. The distal end 32 of the 
elongate member 30 has at least a portion 36 of the elongate 
member Which is transparent to ultrasound energy. The ultra 
sound transducer 34 is oriented to transmit and receive ultra 
sound energy through this portion 36. The ultrasound trans 
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parent portion 36 can be a WindoW made of an ultrasound 
transparent material, a material Which is partially or substan 
tially transparent to ultrasound energy, or the WindoW can be 
a cut-out such that there is no material betWeen the transducer 
and the outside environment. The portion 36 is desirable 
Where the distal end 32 of the elongate member 30 is made of 
a substance that absorbs ultrasound energy. In an alternative 
embodiment, the entire distal end 32 or elongate member 30 
is transparent to ultrasound energy. 
[0055] FIG. 5 illustrates the distal end 40 of an elongate 
member, Where all but the distal tip 41 of the elongate member 
is transparent so that the actuator mechanism 42 housed in the 
distal end 40 is visible. The actuator mechanism 42 is similar 
to the one illustrated in FIG. 3, With the addition of support 
members 44 disposed Within the anchors 46. The support 
members 44 support the connecting arm 50, Which connects 
the moveable element 52 and ultrasound transducer structure 
54, acting to stabiliZe the movements of the connecting arm 
50 and moveable element 52. The connecting arm 50 is free to 
rotate or slide Within the support members 44, but not the 
moveable element 52. The support members 44 can be sepa 
rate elements as shoWn in FIG. 5, or the anchors 46 can be 
fabricated to perform the function of the support members 44. 
The actuator mechanism 42 is used to generate movement of 
the moveable element 52, connecting arm 50 and ultrasound 
transducer structure 54 in the manner described above in 
reference to FIG. 2. The connecting arm 50 and moveable 
element 52 can be a single piece. In another embodiment, the 
moveable element 52 is eliminated, and the SMA actuator 62 
and deformable component 64 are attached directly to the 
connecting arm 50. 

[0056] In the embodiment shoWn in FIG. 5, the ultrasound 
transducer structure 54 has tWo ultrasound transducer crystals 
56 and 56' for sending and receiving the ultrasound signal, 
Which share a common backing 60. The backing 60 provides 
support for the transducer crystals 56 and 56', as Well as a 
barrier to absorb the ultrasound energy emitted by the back 
face of the transducer crystals 56 and 56'. By using tWo 
transducer crystals 56 and 56', more of the interior Wall of the 
vasculature or other structure can be imaged by a device of 
approximately the same siZe. 
[0057] FIG. 6 shoWs another embodiment Wherein there are 
tWo ultrasound support structures 70 and 70' stacked orthogo 
nally, With each transducer support structure 70 and 70' hav 
ing tWo transducer crystals 72 and 72' sharing a common 
backing 74 and 74'. This con?guration alloWs for an even 
larger ?eld of vieW, as each transducer crystal 72 and 72' 
generates a signal oriented in a different direction. One of 
skill in the art Will recogniZe that the ultrasound support 
structures 70 and 70' can be oriented to each other at any 
desirable angle. Additionally, the transducer crystals 72 and 
72' can be oriented on the support structures 70 and 70' and 
With respect to each other in alternate con?gurations. Pre 
ferred embodiments of ultrasound transducers having more 
than one transducer crystal are described in more detail beloW 
and in reference to FIG. 12. 

[0058] FIG. 7 illustrates a preferred embodiment of the 
current invention. ShoWn in FIG. 7 is an actuator mechanism 
80 Which has tWo anchors 82 and 82', a moveable element 84 
connected to the anchor 82 and 82' by an SMA actuator 86 and 
a deformable component 90. A connecting arm 92 connects 
the moveable element 84 to an ultrasound energy re?ector 94. 
The re?ector 94 has a surface 96 Which is oriented to re?ect 
ultrasound energy to and from an ultrasound transducer 100. 
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Movement of the moveable element 84, connecting arm 92 
and re?ector 94 can be achieved as described above, With 
reference to FIG. 2. In another embodiment, the actuator 
mechanism 80 is con?gured to move the re?ector 94 substan 
tially parallel to the longitudinal axis of the actuator mecha 
nism 80, as described above. One of skill in the art Will 
recogniZe that to maximize longitudinal movement, a space 
can be introduced betWeen the anchor 82' and the ultrasound 
energy re?ector 94 to alloW the re?ector 94 to move in a 
proximal and distal direction. As discussed above, the orien 
tation of the actuator mechanism 80 could be reversed such 
that SMA actuator 86 is closer to the re?ector 94, and the 
deformable component 86 is more distant. 

[0059] In the embodiment shoWn in FIG. 7, the transducer 
100 and re?ector 94 are oriented such that ultrasound energy 
is re?ected from the transducer aWay from the device at an 
orthogonal angle, about 90°, relative to the longitudinal axes 
of the actuator mechanism 80 and elongate member (not 
shoWn). The angle of the re?ector can be changed so that the 
ultrasound energy transmitted to and from the ultrasound 
transducer is at an angle betWeen about betWeen about 15° 
and about 165°, With the preferred angle for side-looking 
ultrasound being betWeen about 80° and about 110°. Angles 
contemplated include about 15, 20, 25, 30, 35, 40, 45, 50, 55, 
60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120, 125, 
130, 135, 140, 145, 150, 155, 160, and about 165 degrees, or 
can fall Within a range betWeen any tWo of these values. By 
decreasing the angle betWeen the surface of the re?ector and 
the surface of the transducer, the ultrasound energy Will be 
re?ected in a more forWard-looking direction, that is toWard 
the distal tip of the device. This can be useful in some appli 
cations Where it is desirable to image the area in front of the 
device, such as When navigating a tortuous path through a 
blockage in the vasculature. 
[0060] In the embodiment shoWn in FIG. 7, the re?ector 94 
can be shaped for speci?c purposes. For example, the surface 
96 can be concave to focus the ultrasound beam into a smaller 
beam for certain imaging requirements. In other embodi 
ments the surface is convex. In other embodiments, the re?ec 
tor 94 has more than one re?ective surface. 

[0061] FIG. 8 is a partial cut-aWay vieW Which illustrates 
the device of FIG. 7 housed in the distal end 102 of an 
elongate member. A portion of the distal end housing the 
actuator mechanism 80 is cut aWay to shoW the actuator 
mechanism 80. The portion of the distal end adjacent to the 
re?ector 94 is a WindoW 104 Which is transparent to ultra 
sound energy. This permits ultrasound energy to be transmit 
ted to and from the ultrasound transducer 100 through the 
distal end 102 of the elongate member. Alternatively, the 
con?guration of the actuator mechanism 80 and the trans 
ducer 100 can be reversedithe actuator mechanism 80 is 
housed in the distal end of the elongate member and the 
transducer is located closer to the proximal end of the device. 
[0062] FIG. 9 is a schematic diagram of another embodi 
ment of the current invention, Where the imaging apparatus 
uses optical coherence tomography. OCT relies on light emit 
ted from a ?ber optic Which is directed to the surface of the 
vasculature being imaged. The imaged surface re?ects light 
back to the device Where the same or another ?ber optic 
transmits the signal to a processor outside the patient. Based 
on differential re?ectance of the surface, and image is formed 
from the signal. FIG. 9 illustrates an actuator mechanism 110 
similar to the ones disclosed in the previous ?gures, Which has 
tWo anchors 112 and 112', a moveable element 114 connected 
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to the anchors 112 and 112' by an SMA actuator 116 and a 
deformable component 120. A connecting arm 122 connects 
the moveable element 114 to a re?ector 124. The re?ector has 
a surface 126 Which is oriented to re?ect light energy to and 
from an optical ?ber 130. The actuator mechanism 110, con 
necting arm 122, re?ector 124 and ?ber optic 130 are advan 
tageously housed in the distal end of an elongate member 132. 
The apparatus further includes a WindoW 134 that is transpar 
ent to light energy, located at the distal end of the elongate 
member 132. 

[0063] While the connecting arm 122 is free to move rela 
tive to the anchors 112 and 112', it is secured to the moveable 
element 114. Movement of the moveable element 114, con 
necting arm 122 and re?ector 124 can be achieved as 
described above With reference to FIG. 2. Rotational move 
ment of the re?ector 124 about the longitudinal axes of the 
actuator mechanism 110 and elongate member 132 is illus 
trated by the arroW in FIG. 9. In another embodiment, the 
actuator mechanism 110 is con?gured to move the re?ector 
124 substantially parallel to the longitudinal axes, as previ 
ously described. Also as discussed above, the connecting arm 
122 can be supported by the anchors 112 and 112' or support 
elements disposed in the anchors. One of skill in the art Will 
recogniZe that the connecting arm 122 and moveable element 
114 can be fabricated from a single piece of material, or be 
separate pieces secured together, for example by glue, Weld 
ing, snap-?t, or frictional forces due to a tight ?t. These are 
examples only, and are not limiting. In an alternative embodi 
ment, the SMA actuator 116 and deformable component 120 
are attached directly to the connecting arm 122. 

[0064] Since the optical ?ber 130 is stationary and not 
mounted on the actuator mechanism 110, it eliminates the 
rotational load associated With conventional OCT devices 
Which require rotating the entire length of the optical ?ber. As 
a result, the actuator mechanism can potentially generate a 
Wider range of motion due to the smaller load associated With 
the connecting arm 122 and re?ector 124. Since the OCT 
imaging device is based on a sWeeping re?ector, the ?ber 
optic is can remain motionless, reducing or eliminating image 
distortion and issues associated With the torque generated by 
the spinning optical ?ber. 
[0065] The re?ector 124 can be shaped for speci?c pur 
poses. For example, the surface 126 can be concave to focus 
the coherent light into a smaller beam for certain imaging 
requirements. In other embodiments the surface is convex. 
The surface 126 can be designed to replace the lens typically 
attached to the end of a ?ber optic When used for OCT. In this 
case the re?ector 124 is used to focus the coherent light at the 
distance needed to image the vasculature, and the lens is not 
necessary. In some embodiments the re?ector 124 is a mirror, 
in others, it is a prism. A prism alloWs refractive optical 
coherence tomography (as opposed to re?ective tomography 
using a mirror.) The prism can also be designed to replace the 
lens typically required at the distal tip of the optical ?ber. In 
other embodiments, the re?ector 124 has more than one 
re?ective surface. In another embodiment, one or more addi 
tional optical ?bers and/or re?ectors are provided to increase 
the ?eld of vieW, or to provide different Wavelengths of light. 
[0066] FIG. 10 is a schematic of another embodiment of the 
invention Where the actuator mechanism 140 rotates the distal 
end of the ?ber optic used for OCT. FIG. 10 illustrates an 
actuator mechanism 140 Which has tWo anchors 142 and 142', 
a moveable element 144 connected to the anchors 142 and 
142' by an SMA actuator 146 and a deformable component 
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150. The moveable element 144 is secured to the distal end of 
a ?ber optic 154 by, for example but not limited to, crimping, 
glue, Welding, snap-?t, set screW, or frictional forces due to a 
tight ?t. The optical ?ber 154 Which has a prism 156 or other 
re?ective surface mounted on its distal tip. The prism 156 has 
a surface oriented to refract light energy to and from the 
optical ?ber 154 as illustrated by the arroWs. The actuator 
mechanism 140, ?ber optic 154 and prism 156 are shoWn 
housed in the distal end of an elongate member 160. In the 
embodiment shoWn in FIG. 10, a portion of the distal end of 
the elongate member is a WindoW 162 that is transparent to 
light energy. 
[0067] While the optical ?ber 154 is free to move relative to 
the anchors 142 and 142', it is secured to the moveable ele 
ment 144. Movement of the moveable element 144 can be 
achieved as described above, and as illustrated in FIG. 2. 
Because the moveable element 144 is secured to the ?ber 
optic 154, rotational movement of the moveable element as 
illustrated by the arroW in FIG. 10 results in rotational move 
ment of the distal end of the ?ber optic 154 and prism 156 
about the longitudinal axis of the elongate member. 
[0068] The sWeeping motion of the actuator mechanism 
140 creates a scanning pattern and can achieve a ?eld of vieWs 
in a range of angles, depending upon the strain characteristics 
of the optical ?ber 154. This produces the required scanning 
motion for OCT imaging Without requiring the rotation of the 
entire ?ber optic and the high-speed mechanical rotator in the 
proximal end of the device. In another embodiment, one or 
more additional actuator mechanisms are spaced along the 
?ber optic from the distal end toWard the proximal end, 
increasing the rotational displacement of the distal end or the 
entire length of the optical ?ber, and distributing the rota 
tional load generated along the length of the optical ?ber. 
[0069] FIG. 11 is a schematic illustration of an actuator 
mechanism 170, Which has tWo anchors 172 and 172', a 
moveable element 174 connected to the anchors 172 and 172' 
by an SMA actuator 176 and a deformable component 180. A 
re?ector 182 is mounted on the moveable element 174. The 
re?ector has a surface 184 Which is oriented to re?ect light 
energy to and from an optical ?ber 186. An optional support 
structure 190 stabiliZes the moveable element 174. The actua 
tor mechanism 170, re?ector 182 and ?ber optic 186 are 
shoWn housed in the distal end of an elongate member 192 as 
shoWn in FIG. 9. The actuator mechanism provides cyclical 
movement of the moveable element 174 and re?ector 182 as 
described previously. 
[0070] FIGS. 9, 10 and 11 illustrate a re?ector or prism 
oriented such that light energy is re?ected from the ?ber optic 
aWay from the device at an orthogonal angle, about 90°, 
relative to the longitudinal axes of the actuator mechanism 
and elongate member. The angle of the re?ector can be 
changed so that the light energy transmitted to and from the 
?ber optic is at an angle betWeen about 15° and about 165° 
relative to the longitudinal axis of the device, With the pre 
ferred angle being betWeen about 80° and about 1 10°. Angles 
contemplated include about 15, 20, 25, 30,35, 40, 45, 50, 55, 
60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120, 125, 
130, 135, 140, 145, 150, 155, 160, and about 165 degrees, or 
can fall Within a range betWeen any tWo of these values. By 
adjusting the angle betWeen the re?ective surface of the 
re?ector or prism and the end of the ?ber optic, the light can 
be re?ected in a more forward-looking direction, that is 
toWard the distal tip of the device. This can be useful in some 
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applications Where it is desirable to image the area in front of 
the device, such as When navigating a tortuous path through a 
blockage in the vasculature. 
[0071] As described herein, at least a portion of the elon 
gate member is transparent to ultrasound energy or light 
energy. This includes a WindoW made of an ultrasound or light 
energy transparent material, a material Which is partially or 
substantially transparent to ultrasound or light energy, or the 
WindoW can be a cut-out such that there is no material 
betWeen the transducer, re?ector or prism and the outside 
environment. In other embodiments the entire distal end or 
elongate member is transparent. 
[0072] The actuator described herein can be made very 
small, such that the actuator has a diameter/Width betWeen 
about 5 pm and about 1000 pm, with the preferred siZe being 
betWeen about 5 um and about 100 um. The actuator prefer 
ably has a diameter or Width of, or of about, 5, 10, 20, 30, 40, 
50, 60,70, 80,90, 100, 200, 300, 400, 500, 600, 700, 800, 900, 
or 1000 pm, or is at least about, 5, 10, 20, 30, 40, 50, 60, 70, 
80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900, or 1000 
pm, or is no more than about 5, 10, 20, 30, 40, 50, 60,70, 80, 
90, 100, 200, 300, 400, 500, 600, 700, 800, 900, or 1000 pm, 
or can fall Within a range betWeen any tWo of these values. 
The range of lengths preferred for the actuator is quite broad, 
and depends on the application. For rotational motion, the 
length of the actuator mechanism can be from about 20 pm to 
about 10 mm, With the preferred siZe being from about 200 
pm to about 10 mm. For longitudinal motion, the length of the 
actuator can be from about 100 pm to about 20 mm, With the 
preferred length being from about 1 mm to about 20 mm. The 
actuator preferably has a length of, or of about, 20, 30, 40, 50, 
60,70, 80, 90, 100,200,300,400, 500, 600,700, 800, 900 pm, 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 
20 mm, or is at least about, 20, 30, 40, 50, 60, 70, 80, 90, 100, 
200, 300, 400, 500, 600, 700, 800, 900 pm, 1, 2, 3, 4, 5, 6, 7, 
8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 mm, or is no 
more than about 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 
400, 500, 600,700, 800, 900 pm, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12,13,14,15,16,17,18,19,or 20 mm, or can fall Within a 
range betWeen any tWo of these values. 

[0073] The outside diameter of the elongate member, such 
as a guide Wire or catheter containing an imaging device 
described herein canbe as small as from about 0.005" to about 
0.100" outside diameter. Preferably, the outside diameter of 
the elongate member is, or is about 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25,30, 35, 40, 45, 50, 
55, 60, 65,70, 75, 80, 85, 90, 95,or100 hundredths ofan inch, 
or is at least about, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 20,25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 
75, 80, 85, 90, 95, or 100 hundredths ofan inch, or is no more 
thanabout0.5, 1, 2, 3, 4, 5, 6,7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 
17, 18, 19, 20, 25, 30, 35,40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 
90, 95, or 100 hundredths of an inch, or can fall Within a range 
betWeen any tWo of these values. 

[0074] The range of motion generated by the actuator 
mechanism described herein Will vary depending of the appli 
cation. Rotational motion can be in a range from about 1 or 2 
degrees up to about 400 degrees, depending on the area of 
interest. Angles of rotational displacement generated by the 
actuator mechanism are, or are about, 1, 2, 5, 10, 15, 20, 25, 
30, 35,40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 
110,115,120,125,130,135,140,145,150,155,160,165, 
170, 175, 180, 190, 195,200, 205, 210,215,220, 225,230, 
235, 240, 245, 250, 255, 260, 265, 270, 275, 280, 285, 290, 
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295, 300,305,310, 315, 320,325, 330, 335,340, 345, 350, 
355, 360, 365, 370, 375, 380, 385, 390, 395, or 400 degrees, 
or at least about 1, 2, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 
60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120, 125, 
130, 135,140,145, 150, 155,160, 165, 170,175, 180, 190, 
195, 200, 205, 210, 215, 220, 225, 230, 235, 240, 245, 250, 
255, 260, 265, 270, 275, 280,285, 290, 295, 300, 305, 310, 
315, 320,325,330, 335, 340,345, 350, 355,360, 365, 370, 
375, 380, 385,390, 395, or 400 degrees, or no more than 1, 2, 
5, 10, 15,20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 
90,95,100,105,110,115,120,125,130,135,140,145,150, 
155, 160,165,170, 175, 180,190, 195, 200,205, 210, 215, 
220, 225,230,235, 240, 245,250, 255, 260,265, 270, 275, 
280, 285,290,295, 300, 305,310, 315, 320,325, 330, 335, 
340,345, 350,355,360,365, 370,375,380,385,390,395,or 
400 degrees, or can fall Within a range betWeen any tWo of 
these values. By adjusting the power and/or duration of the 
activation signal to one or more of the SMA actuators, the 
degree of rotation or length of longitudinal displacement can 
be adjusted While the device is in the patient, alloWing the 
operator to adjustably de?ne a speci?c image ?eld of vieW. 
The preferred range of rotational displacement generated by 
the actuator device is from about 25 to 360 degrees. In addi 
tion, it is possible to use the device of the invention for singe 
point interrogation for optical coherence re?ectometry or 
Doppler effect measurements. 
[0075] The amount of longitudinal displacement generated 
by the actuator mechanism is also dependent on the length of 
the area of interest. The length of longitudinal displacement 
can be from about 100 pm to about 30 mm or more. The length 
of longitudinal displacement generated by the actuator 
mechanism preferably is, or is about 100, 200, 300, 400, 500, 
600, 700, 800, 900 pm, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 20, 25, or 30 mm, or is at least about, 
100, 200, 300, 400, 500, 600, 700, 800, 900 pm, 1, 2, 3, 4, 5, 
6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, or 30 
mm, or is no more than about 100, 200, 300, 400, 500, 600, 
700, 800, 900um, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 
16, 17, 18, 19, 20, 25, or 30 mm, or can fall Within a range 
betWeen any tWo of these values. 

[0076] The frequency of the motion generated by the actua 
tor mechanism can range from about 1 HZ to about 100 HZ. 
The preferred frequency of motion is betWeen about 8 HZ and 
30 HZ. The frequency of movement generated by the actuator 
mechanism is, oris about, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 20,25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 
75,80, 85, 90,95,or100 HZ, or at least about 1, 2, 3, 4, 5, 6, 
7,8,9,10,11,12,13,14,15,16,17,18,19,20,25,30,35,40, 
45,50, 55, 60, 65,70,75,80,85,90, 95,or100 HZ, or no more 
thanabout 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 
18, 19,20, 25, 30, 35, 40,45, 50, 55, 60, 65,70, 75, 80, 85, 90, 
95, or 100 HZ, or can fall Within a range betWeen any tWo of 
these values. 

[0077] In some embodiments, the actuator mechanism dis 
closed herein is made Without any mechanical joints. 
[0078] When the actuator described above is used to gen 
erate movement of an ultrasound transducer, the area imaged 
by a single transducer is limited by the range of movement the 
actuator can generate. One Way to achieve a larger ?eld of 
vieW is to use multiple transducer crystals. The prior art 
discloses phased array devices Where individual crystal trans 
ducers are used in combination to generate an ultrasound 
Wave for imaging. In these prior art devices, the individual 
crystals are mounted on separate backings and are not capable 
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of individually producing an ultrasound signal for imaging. In 
contrast, the individual transducer crystals used in the trans 
ducers of the instant are preferably mounted on a shared 
backing and are preferably capable of individually producing 
an ultrasound signal for imaging. 
[0079] As used herein, transducer crystal or crystal trans 
ducer refers to the material used to produce and/ or receive the 
ultrasound signal. Materials used for making the transducer 
crystal are knoWn in the art and include quartZ and ceramics 
such as barium titanate or lead Zirconate titanate. Ultrasound 
transducer crystals for IVUS utiliZe frequencies from about 5 
MHZ to about 60 MHZ, With the preferred range being from 
about 20 MHZ to about 45 MHZ. 
[0080] Ultrasound crystals are preferably substantially 
rectangular, square, elliptical, or circular, although any shape 
that produces a functional ultrasound transducer is contem 
plated. As used herein, the top and bottom edge of a trans 
ducer crystal are de?ned by substantially parallel lines 
bounding the transducer, a ?rst and second side edge are 
de?ned by a second set of substantially parallel lines bound 
ing the transducer, Where the lines de?ning the top and bottom 
edges are substantially perpendicular to the lines de?ning the 
?rst and second side edges. As de?ned herein, ellipses, 
circles, irregular shapes, etc. can have top, bottom, ?rst and 
second edges. 
[0081] FIG. 12 illustrates a schematic of ultrasound trans 
ducers having one, tWo or three crystal transducers. The 
dashed lines shoWn in FIG. 12 represent the direction the 
ultrasound energy is transmitted and received from the trans 
ducer crystals. FIG. 1211 shows an ultrasound transducer 200 
having one crystal transducer 202 on a backing structure 204. 
The backing material can be any material knoWn to those in 
the art Which absorbs ultrasound energy radiated from the 
transducer crystals back face. FIG. 12b shoWs an ultrasound 
transducer 210 having tWo crystal transducers 212 and 214 on 
a single backing structure 216. FIG. 120 shows an ultrasound 
transducer 220 having three crystal transducers 222, 224 and 
226 on a single backing structure 228. 

[0082] FIGS. 12d, 12e, and 12fshoW the range of ?elds of 
vieW With the different con?gurations of transducers shoWn 
in FIG. 12a, 12b and 120, respectively. As an example, 
assume that the actuator mechanism (not shoWn) used to 
move the transducer can generate 60° rotational motion. With 
a single transducer as shoWn in FIGS. 12a, rotation of the 
ultrasound transducer 200 through 60° Will provide a 60° ?eld 
of vieW as shoWn in FIG. 12d, Where the crystal transducer 
202 is shoWn at the tWo extremes of the range of motion (the 
backing 204 is excluded for clarity.) If two transducers 212 
and 214 are arranged With a 60° angle betWeen their respec 
tive ?elds of vieW as shoWn in FIG. 12b, rotating the trans 
ducer structure 210 through 60° as shoWn by the tWo positions 
illustrated in FIG. 12e Will provide a ?eld of vieW totaling 
1200 With the same actuator. Similarly, three-transducers 
con?gured With a 60° angle betWeen each crystal transducer 
222, 224 and 226 as shoWn in FIG. 120 Will have a ?eld of 
vieW equivalent to 1800 if the transducer is rotated through 
60° as shoWn in FIG. 12f 
[0083] Although a 60° angle betWeen the beams of the 
transducer crystals is shoWn in FIG. 12, any angle between 00 
(equivalent to the ?eld of vieW provided by a large crystal) 
and 180° is encompassed by the present invention. Angles 
encompassed by the invention include about 5, 10, 15, 20, 25, 
30, 35,40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 
110,115,120,125,130,135,140,145,150,155,160,165, 
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170, 175, and about 180 degrees, or can fall Within a range 
between any tWo of these values. In some embodiments, the 
angles de?ned by the adjacent pairs of crystals are not equal. 
For example, Where three crystals are used, the angle de?ned 
by the third crystal and the second crystal can be different 
than the angle de?ned by the ?rst crystal and the second 
crystal. The angle betWeen the faces of the transducer crystals 
is preferably about the same as the degrees of de?ection 
Which can be achieved by the actuator mechanism. This maxi 
miZes ?eld of vieW Without signi?cant overlap or gaps 
betWeen the individual ?elds of vieW for each transducer 
crystal. For example, if tWo crystal transducers 212 and 214 
are aligned at 60° as illustrated in FIG. 12b, but the actuator 
can only rotate the transducer structure by 30°, there Will be a 
gap of approximately 30° betWeen the ?elds of vieW gener 
ated by each transducer crystal. Similarly, if the actuator can 
rotate through 90°, there Will be a 30° ?eld of vieW overlap 
betWeen the tWo ?elds of vieW generated by each transducer 
crystal. While an overlap or gap in the ?elds of vieW can be 
desirable in some applications, the preferred embodiment 
provides for minimal gaps or overlaps. Importantly, the indi 
vidual transducer crystals are placed With their edges adjacent 
or touching, such that the siZe of any gap betWeen the ?elds of 
vieW of the individual crystal transducers is minimiZed and 
signi?cantly reduced. In a preferred embodiment, the indi 
vidual transducer crystals are con?gured such that any gap 
betWeen the individual ?elds of vieW are substantially elimi 
nated. This provides an improved image quality. 
[0084] While FIG. 12 illustrates an ultrasound transducer 
With 1, 2, or 3 crystals, more crystals can be used. Also 
contemplated are ultrasound transducers With 4, 5, 6, 7, 8, 9, 
or 10 transducer crystals. The crystals can be arranged on a 
single backing device, or on multiple backing devices as 
illustrated in FIG. 6. For single crystal transducers the diam 
eter of the crystal if circular shaped, or Width if rectangular 
shaped, is preferably from about 10 um to about 10 mm, and 
more preferably from about 100 um to about 1 mm. For 
transducers With multiple crystals, the combined diameter or 
Width of the individual crystals is preferably from about 10 
pm to about 10 mm, and more preferably from about 100 pm 
to about 1 mm. Preferably, the diameter or Width of the 
individual crystals on a given transducer is approximately 
equal, although crystals of different diameters or Widths can 
be combined. The individual transducer crystals preferably 
have a diameter or Width of, or of about, 100, 200, 300, 400, 
500, 600, 700, 800, 900, or 1000 pm, or are at least about, 100, 
200, 300, 400, 500, 600, 700, 800, 900, or 1000 pm, or are no 
more than about 100, 200, 300, 400, 500, 600, 700, 800, 900, 
or 1000 um, or can fall Within a range betWeen any tWo of 
these values. 

[0085] In another embodiment, the multiple transducer 
con?gurations disclosed herein are utiliZed in a device in 
Which the actuator is con?gured to provide longitudinal, 
rather than rotational motion, for example as shoWn in FIGS. 
20 and 2d. As With the rotational movement illustrated in FIG. 
12, combining multiple transducers With longitudinal motion 
can also provide a larger ?eld of vieW With the same actuator. 

[0086] The multiple transducer con?guration disclosed 
herein can also be used for forWard looking ultrasound 
devices. Providing a 180° ?eld of vieW alloWs ultrasound 
imaging With the capability of side-looking as Well as for 
Ward-looking in a single device. A preferred forWard looking 
device is disclosed in US. Patent Publication No. US-2004 
0056751 -A1, Which is herein incorporated by reference in its 
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entirety. Other forWard looking devices include those dis 
closed in US. Pat. Nos. 5,379,772 and 5,377,685, Which are 
herein incorporated by reference. As used herein, a pivot 
point is a point around Which the transducer is rotated, and 
includes mechanical joints, for example those disclosed in 
US. Pat. No. 5,379,772, FIGS. 2, 5, and 6. While the afore 
mentioned forWard looking devices disclose a single crystal 
transducer, applicants have discovered that transducers hav 
ing multiple crystals dramatically increase the ?eld of vieW. 
As Was described With reference to side-looking devices, the 
multiple crystal transducers are disposed on the actuator 
mechanism. 

[0087] US. Patent Publication No. US-2004-0056751-A1 
discloses an elastic or superelastic material utiliZed as a struc 

tural material for a micromanipulator. In principle, When a 
compliant mechanism is deformed With an actuator, strain 
energy is stored inside the underlying structure during defor 
mation (elastic and plastic). The stored energy is then directly 
utiliZed to produce a bias force to return the structure to its 
original shape. HoWever, an elastic material such as stainless 
steel can also be utiliZed as a structural material for compliant 
mechanisms 

[0088] According to an aspect of the disclosure, a Nd:YAG 
laser is implemented in the fabrication of the compliant struc 
ture out of a tube. A tubular nitinol structure With compliant 
mechanism Was successfully fabricated using laser machin 
ing With a laser beam siZe of about 30 pm. The outer diameter 
of the tube is about 800 um and the Wall thickness is about 75 
um. Actual feature siZe is about 25 um, Which is mostly 
limited by the siZe of the laser beam. Thus, by reducing the 
beam siZe, resolution of the laser machining can be enhanced. 

[0089] To shape a nitinol structure, there are three fabrica 
tion processes currently commercially available: chemical 
etching, laser machining and micro-mechanical cutting. 
HoWever, these tWo processes are not able to precisely control 
etching depth. Thus, it is very di?icult to have a variation in 
thickness and, consequently, the thickness of the mechanism 
determines the substrate thickness. This presents another 
issue in design, Which is structural rigidity. For instance, if the 
substrate thickness is on the order of tens of microns, the 
supporting structure also starts de?ecting as the mechanism 
moves. This de?ection at the supporting structure, Which is 
supposed to be ?xed, directly contributes to loss of output 
displacement. Structural rigidity is mostly a shape factor, 
Which is related to ?exural modulus, EI. Considering the 
structural rigidity, a tube shape is more attractive than a plate 
form. 

[0090] FIG. 13a illustrates an exemplary tubular structure 
1200a With a built-in compliant mechanism 1201a. FIG. 13b 
illustrates another exemplary tubular structure 1200b With a 
built-in compliant mechanism 1201b in a helical con?gura 
tion having helix 1291 and helix 1292 intertWined in a 
“double helix”-like fashion. The mechanism design can be 
any shape and/ or con?guration as long as it utiliZes structural 
compliance (elasticity and/or superelasticity) as a main 
design parameter. Similarly, as one skilled in the art Would 
appreciate, the rest of the tubular structure can be in any 
suitable con?guration, siZe, and length, etc., optimiZed for a 
particular application and thus is not limited to What is shoWn 
here. Moreover, in addition to nitinol, other ?exible, resilient 
biocompatible metal orpolymer materials can also be utiliZed 
as long as they have reversible structural behaviors, i.e., have 
elastic and/or superelastic behaviors While actuated. 












