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more compact way to perform a 2-D scan. Previous work

Laser scanners are used in a variety of optical systems andrésented different two-axis tilt mechanisms with one
single mirror’~° We introduce a highly innovative single-

steer different types of lasers for various applications such " o ilt | dqf h |
as imaging, industrial material processing, biomedicine, M!or tip/tilt laser scanner and focuses on the BPD result-

ophthalmology, and intersatellite communications. Image N9 from such scanner, which was designed for material
distortions are caused by various factors. To design and use’rocessing applications. A single mirror with two rotational
opto-mechanical systems with very high accuracy, sourcesPOF generates distortions that are different from the pin-
of error must be accurately identified. They should then be cushion distortion resulting from the use of two separate
quantified and calculated so that they can be rectified. MirTors:"~Based on a vector analysis of the beam path, the
Beam path distortiofBPD), which is completely indepen- distortion profiles are derived for such a scanner. This vec-
dent from lens aberrations, may come from either the scan (O derivation can be compared to the holographlr% tech-
head or the imaging system. It is caused by path length "qU€s applied to deformation and shape measure ’énFS'
variations for different portions of the beam. Portions of the 1h€ main dominant parameters that affect the distortion
image may be blurred or may focus before or after the profile are identified, and equations of the correction factors
image plane. Alternatively, portions of the image beam may used to compensate for the systematic errors are proposed.

be directed to an incorrect position on the image plane. -
The common configuration for deflecting laser beams in 2 Scanner Description
two dimensions is based on two single-axis galvanometric The system studied in this worlsee Fig. 1 requires a
scanners placed perpendicular to each other. In recentmultidisciplinary approach of the optics, mechanics, elec-
years, these fast scanners have proved to be both very relitronics, sensor, and control fields. The main components
able and accurate. They are widely available in the market- are the mirror, the motors, the feedback sensor that deter-
place and have wide-ranging technical variations. However, mines the mirror position around the two axes of tilt, and
such a configuration is rather bulky and cannot satisfy the the control system that connects the feedback sensor to the
needs of an industry that is looking for compact solutions motors. Electromagnetic actuators are used to drive the mir-
for an easy integration of these scanning heads into theirror. They are based on magnets and coils. Magnets are
production lines. In addition, two separate mirrors lead to glued directly on the back of the mirror, whereas coils are
optical aberrations when these scanning heads are used ifixed on the stationary part. The guiding system is based on
conjunction with scanning lenses, which are specially de- a cone-ball bearing, which fixes the translation DOF and
signed for a single entrance pupil. The distortions and cor- releases the rotation DOF. It is a standard and cheap con-
rection factors for such scanning configurations have beenstruction, which simplifies the overall design of the scanner.
previously derived:? A preload magnetic force is used to hold the moving part.
A compact fast-steering tip/tilt laser scanner with a This force also creates sufficient rotation stiffness around
single mirror could act as a key component in diverse ap- the mirror axis. However, this force should not be too high
plications as it provides a much easier, simpler, and muchin order to minimize friction in the bearing. The position

1 Introduction
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CCD . “& Fiber connector

Fig. 1 Compact tip/tilt laser scanner with a large reflecting mirror.

tranSducer_ls placed at the back of Fhe mirror. A laser pen is Fig. 2 Compact multisensor laser scanning head. S1 is the tem-
used to point on the back of the mirror and then on a 2-D perature sensor composed of two photodiodes (Si and Ge) in a
position sensitive detectgPSD). The design, simulations,  sandwich configuration. S2 is the plume sensor, S3 detects the
previously published.Table 1 indicates the specifications Monitoring sensor for the laser to detect pulse shape.

and performance of the scanner.

o _ _ 3 Beam Path Distortion for Tip /Tilt Scanners
2.1 Scanner Application for MicroSpot Welding When a laser beam is reflected by a mirror, which is tilted

The compact scanner represents a key module in aim-and-around the two orthogonal axes in a plane parallel to the
shoot applications due to its high dynamic performance and mirror, onto a second surfacggarget plang geometrical
accuracy. The scanner has been mounted on a compactlistortions result, as illustrated in Fig. 3. Such distortions
multisensor real-time monitoring optical heégke Fig. 2 are defined as “fan-shaped” distortions in this study. These
to achieve microspot weldingOne of the sensor€S)) is distortions depend on several factors: the angle of incidence
used to determine temperature evolution during the spotof the laser beam at the mirror’s reflecting surfagevhere
welding process. It is composed of two photodiodes, a sili- (=90 deg-1y), the tip and tilt angles of the mirrat, and

con photodiodéS1A) and a germanium photodiod81B). ay, the working distancel that separates the target surface
Another sensofS2) is used to detect plasma emission. A from the mirror’s center of rotation, the orientation of the

third sensor(S3) is used to monitor back-reflected light, target plane, and the distanBebetween the center of ro-
which gives information about the exact time at which the tation and the center of reflection.

melting process occurs, and the fourth sen&# is used
to monitor the optical fiber output power. A vision channel 3.1 Vector Analysis

and a CCD camera are used to control the position of the

laser spot on the parts to be processed. This whole systerﬁa‘ vector analysis is introduced to determine and relate the
will be soon available on the market and produced by the actual position of the spot on the target plane to the tip and

Swiss laser manufacturer Lasag. tilt anglesa, and «, of the mirror. Figure 4 shows a laser

Table 1 Tip/tilt scanner specifications.

Incident

Parameter Performance beam
y
Number of axes 2 (Tip-tilt) Mimor N | / Normal vector
Range of motion >+52 mrad (=3 deg) ‘ o he mli‘_)ffl_a,’ie—-——' ay
Repeatability <50 wrad Point of N2
Resolution <5 urad rotation -
Settling time for <10 ms
maximum deflection .
Bandwidth 700 Hz tftfme
. stationary 3

Angular velocity 18 rad/s /'\D

AN
Mirror active area 30%X40 mm \‘
Size of the scanner 50x40%30 mm /
Weight 90 g *
Input voltage range *10V Fig. 3 Fan-shaped distortion on the working surface resulting from

a single mirror system, which can tilt in two-rotational DOF.
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Fig. 4 Vector analysis to determine the points of impact between a
laser beam and two planes positioned randomly in space. In this
case, plane 1 is the mirror plane and plane 2 is the target plane.

beam that has a first point of impact with the mirror
plane (plane 1, and a second point of impatf with the

target plane(plane 2. Point a is defined as the incident

point of the laser beam, and pointis the point of rotation

of the mirror. Pointb is a point on the mirror plane and is
located on the normal vector to the mirror plane passing

througho.
The vector to the point of impadt; with the mirror
plane is given by:

R, =Ra+ 01N, 1)

where n, is the unit vector in the direction of the laser
beam,§; is a scalar, andR, is the vector from the origin

(0,0,0 to pointa.

For any plane in space, the scalar product of the normal

Target field at d = 120 mm, D = 3.53 mm, and B = 45°
14.66
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Fig. 5 XY distortions on a target plane positioned 120 mm from the
center of rotation of a mirror, which tilts by (e,=«,==*3 deg) and
where 8=45 deg.

Ri,=Ri,+ 8N, 5
wheren/, is the unit vector along the reflected beam. The
vectorsn,, n,, andn, form a third plangaccording to the
law of reflection. Thereforen), can be represented in terms
of n, andn,. First, n, is decomposed into two compo-
nents:n,, parallel tony, andn,, orthogonal ton; .

la=fia, + Ml ®)

The reflection on the mirror plane inveﬁ§l and keepsr;?az
in the same direction. The resulting unit vector in the new
directionn} then is equal to:

S .
Na=—Na, T Na, =Ny, =Nz + Ny, . (7)

vector to the plane by any vector that starts from the origin n, can also be described in terms of the following expres-
to a point located on the surface of the plane is a constantg;q,.

K. Therefore, for the mirror plane, whenrg is the normal
vector to the plane and both poiriisindi 4 lie on the plane,
the previous definition applies:

n;-R; =n1-R,=K=n;- (R —Ry)=0, 2
and
Rp=R,+D- 1. 3)

Based on the previous equations, the scéjactan be writ-
ten as:
ﬁ1' ('io_ Iia)"’ D
! (ﬁl ﬁa)

(4)

Once the distancé; is determined, the point of impact
is calculated from Eq(1). The second point of impad}
with the target plane is determined in the same way.

1050 Optical Engineering, Vol. 42 No. 4, April 2003

Na,=(Na-N1)-Ny. €S
Thereforen) is represented in terms af, and n, using
Egs.(6), (7), and(8):

=n,—2-(Ny-Ny)-Ny. 9

Knowing thati, andsy are two random points on the target
plane, the scalaf, is described using the previous reason-

ing:
P M (10
2 (npny

vyhereﬁzais the unit vector normal to the target plane, and
R, and R, are the vectors from the origi0,0,0 to the
pointsi, andsy, respectively. Once, is known, the point
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Target field at d = 120 mm, D = 3.53 mm, and p = 45°
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Fig. 6 Welding spots with a diameter of 400 um on a 20X20 mm?

target using a single mirror scanner in a preobjective configuration. Fig. 7 XY distortions on the same target for larger tilt angles (a,
The welding spot distribution reveals the nonlinear behavior. = a,= =30 deg) and where =45 deg.

of impacti, with the second plane is determined from Eq.
(5). Therefore, the previous vector analysis allows the dis-
tortions introduced in Fig. 3 to be determined.

corresponds to 0.5 deg. It is observed that on Xhaxis
(ay=0deg), the relation betweetand a, is quite linear,
and the small distortions are due to the mirror surface off
3.2 Distortion Profiles axis. PointE on the X axis, which results from «,

Figure 5 illustrates the fan-shaped distortion resulting from — 3 deg, andx,=0 deg) is coinciding with the grid. On the
an optical configuration with a mirror positioned at 45 deg °ther hand, the displacement of the spot along Yreis

to the incident beam, with geometrical parametsee Fig. (ay,=0 deqg) is not linear but follows a curvature that seems
3) (d=120mm), and D=3.53mm), which are practical 0 be constant all over the surface of the target plane
values taken from the optical head used for microspot Shown. PointB corresponds to 4,=3deg, and«,
welding previously presented in Sec. 2.1. The grid indi- =3 deg), whereas poim corresponds to the desired linear
cated in the figure corresponds to the ideal linear relation position. It is clear that th&-axis errorAx is much smaller
between the displacement on the target field and the scarthan theY-axis errorAy.

angles K=Y=2da,=2day). Each division of 2.094 mm Figure 6 shows a stainless steel substrate which has been
ay=130°,0, is varied by +3° around p = 73.5° - oy=130° a,is varied by T 0.5° around p =73.5°

§ T E— T T L — T 1 E— a T T T T T T T T T
2 e 4 3 e [ -
5§ 5
> i 1 > I )

8 I 1 I I I 1 I 1 1 1 1 1 I I § L L 1 1 L . 1 L L

< v

-270 -120 -195 -170
X-axis (mm) X-axis (mm)

(@) (b)

Fig. 8 (a) XY distortions on a target plane (d=120 mm) for tilt angles of a,= =30 deg, «, is varied by
+3 deg around a,=28.5deg. The center of rotation is at the center of reflection, which means that
D=0. (b) Same XY distortions as (a) but for a smaller deviation of «,=+*0.5deg around «a,
=28.5deg.
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- ay=13°, Oy is varied by +3° around B =73.5° o, =+0.9°, a, is varied by+0.4° around p = 73.5°
:'; : T T T T T T T T T T T T T
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: S N S
- Lot
: R SR R
E_ T b rrrirrroooooooioooooon |
£ § oL riiiriiiiiiiiiiiiiiiinn
>l-‘ . >" -----------------------
. : < b TIiriiiiiiiiiiiiiiiiir A
: S A AR ]
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Fig. 9 (a) XY distortions for «,= =3 deg and «, is varied by +3 deg around a,=28.5 deg. (b) Zoom
of the area indicated in (a) (¢,=*0.9 deg, a,=*0.4deg around «,=28.5 deg).

irradiated by a high power pulsed Nd:YAG laser with a points may be noticed. The first is that there is a clear
pulse energy ©2 J and a pulse duration of 5 ms. The symmetry around th& axis all over the large scan field,
optical head is based on a preobjective scanning configura-which is not the case for théaxis. The second point is that
tion with an angle 3=45 deg, a working distancel the curvature behavior in th¥ axis gradually decreases
=120mm, and based on a single mirror, which is tilted yntj| it reaches a specific point on the negati¥eaxis,
around a single po_int of rotation. The welding spots on the \where Ax is zero for the different values af,. The cur-
Zlébsnate have a diameter of 40t all over a scan field of e s then inverted after this point. To get a better un-
%20 mnt. It should be noted that the experimental tests . . .
confirmed the vector analysis results and indicated the samederstanding of the point where théand Y scanned lines
nonlinear behavior as expected from Fig. 5. seem to be linear and orthogonal to each otfer X
Increasing the scan angles from=a,=*3deg to =—200mm), two simulations that enlarge this area of in-
ax=a,=*+30deg (10 times more than Fig.)5gives the  terest are given in Figs.(& and &b). Figure &a) repre-
nonlinear distribution indicated in Fig. 7. Two interesting sents the distortion profile for scan angles of,

D=0mm, B =45° D=10mm, = 45°
400 400
300 — 300
200 e 200 —
T REREEE 100
& sle i Bt 2t v |0 §
= 0 FE S *i (178 =
g R AN B B 0
ol AT R I 3
’ HEER A -100
-200 SIS 200
-300 . |
: -300
400
-400
00200 000100 200 300 400300 300 200 -100 0 100 200 300 400 500
X-axis (mm) X-axis (mm)
@ (b)

Fig. 10 (a) XY distortions on a target plane (d=120 mm) for tilt angles of (@,= «,= =30 deg) when
the center of rotation is at the center of reflection (D=0). (b) XY distortions when D=10 mm and
B=45 deg.
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Fig. 11 (a) Distortions when the incident beam is normal to the plane of the mirror (3=90 deg, d
=120 mm, and D=0). Distortions when (b) =60 deg, (c) =45 deg, and (d) 8=30 deg.

==+30deg, and a variation of a,=*3 deg arounda, theoretical shift of 0.5 deg, whereas the distance between
= 28.5deg for the case whegy, which is the initial value ~ tWo consecutive points represents the real shift of 0.5 deg.

Of B equa' to 45 deg The curvature Changes gradua”y unt” It can be seen that the curvature in bOth axes iS minimal in
the angleB= B,+ 28.5 deg- 73.5 deg. However, Fig.(B), this case. An erroAx as small as um on a surface greater
which shows the distortion profile for the same rangexpf ~ than 30<80 mm is obtained wheny,=3deg anda

and a smaller deviation ofa,=+0.5deg arounday =28.5deg compared to the point whe=0 deg anday
=28.5deg, indicates a more complex evolution of the cur- = 28.5deg. This means that the two scanned lines along the
vature. The curves on the left-hand side are of the fourth X andY axes, at these specific angles, are quasiorthogonal
order, whereas the curves on the right-hand side have ato each other. However, the change in slope of the lines
dominant second order coefficient. It can be noted that in a[defined by the points indicated in Fig@] on both sides
small area in-between, a linear distribution can be obtained of the X axis is still significant. Therefore, the rectangular
for small tilt angles. The distortion profile for this linear zone indicated is zoomed and the result is illustrated in Fig.
region is presented in Fig.(&. It corresponds to scan  9(b) for scan angles ofr,=*+0.9deg, and a variation of
angles ofay=*3deg, and a variation cha,=*3deg  Aq,==*0.4deg around3=73.5 deg. It is clear that the
arounda,=28.5deg. The grid indicated in the figure cor- distortions in this area are considerably reduced. In fact,
responds to the ideal linear relation between the displace-straight lines can be drawn to join the different points of the
ment on the target field and the scan anglé&={ distortion profile. Despite the almost ideal behavior in this
=2da,=2day). Itis obvious that the errorAx andAy at zone, it is not attractive for laser material processing appli-
this location are much more significant, as the distance be-cations in general, as the laser beam will irradiate the work
tween two successive lines of the grid corresponds to apiece with a notable inclination, leading to spots with an
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17— the plane of the mirrof3=90 deg, the distortion reached
I : ] on the target surface is of the pincushion distortion type.

. ‘ ) The pincushion effect is symmetrical around bothXhend

08 - 7 Y axes and has the same valsee Fig. 11a)]. When g is
decreasedB=60 deg, there is still a symmetry around the
o | ] X axis, whereas the distribution around texis is asym-

metrical. Despite the different anglgs the magnitude of
: : ; the scanned line on thé axis (¢,=0 deg) remains almost
04 - : : S constant(from —225 to +225 mn) independently of the
- ' : value of B [see Figs. 1() to 11(d)]. Furthermore, it is
I . ‘ ] worth noting that the displacement aloigncreases with
02 - : ; ; e the angleB. Figure 12 indicates the rate of change of the
[ ] two displacementsdY/dX) when g is increased.
Therefore, the following relation applies:

dY/dX

o 40 0 80 dy
B (deg) ax ~Sins. (1

Fig. 12 The rate of change of the two amplitudes (dY/dX) as a

function of the angle 4. Another parameter that influences the distortion profile is

the position of the point of impact of the incident laser
beam on the mirror. A shift of the laser beddy in the X
elliptical shape. On the other hand, the linear area can bedirection as shown in Fig. 18 (in this case, the tilt angles
very interesting for image scanning applications and me- are a,= ay= *10deg) will have the same effect as a shift

trology based on radar and laser radar technology. in the center of rotatio® [Fig. 10b)]. The whole profile is
shifted from theY axis but the symmetry around tbeaxis
3.3 Effect of the Optical and Geometrical remains unchanged. Figure (b3 shows the distortion pro-
Parameters on the BDP file when a shiftD is applied to the laser beam. The dis-

Several parameters are studied and their amplitudes variedribution is no longer symmetrical around tKeaxis and the
to determine their influence on the nonlinear distortion pro- curvature along th& axis is distorted.

file. The following simulations are carried out for large de-
flections (@,= ay=£30deq) to better illustrate the distor- .
tion profile variétions. Figures 18 and 1@b) show the 3.4 Correction Factors

distortions on a target plane locateddat 120 mm, and for To obtain a linear system in which the spot displacement on
D=0 andD =10, respectively. The two profiles are almost the target plane is linearly proportional to the tilt angle, the
identical. However, a slight shift toward the left can be errorsAx andAy must be determined for any point on the
noticed in the second case. This implies tBats not the scan field. Therefore, two analytical relations for determin-
dominant parameter responsible for the distortion distribu- ing the correction factors as a function of the tilt angles are
tion. On the other hand, the angbeof the laser beam has a  derived. The errors studied in this section are valid for the
significant effect on the distortion, as shown in Figs(@ll  System presented in Fig. 2 used for microspot welding ap-
to 11(d). In these simulations the distanBeis set at zero.  plications. In this cased=120 mm,D =0, 8=45 deg, and
For the extreme case where the incident beam is normal tothe scan angles are varied betwegi o, = + 3 deg.

ay= g =t10°, B=45"d = 120 mvum, Dx=10 mm ay=ayg=*10°, p=45",d = 120 mm, Dy=-10 mm
40
0 0
----- 20
O e B s o S o & e 3
..... 10
£ 10 T ;
E E 0 :
g 0 8 -0 : Rk
3 -10 ;P -20 ;
-30
.m '. :
-40
50
-40 60
50 -40 -30 20 0 0 10 20 30 40 5O -0 40 -30 -20 <10 0 10 20 50 40 50 €0
(a) X-axis {mm) (b) X-axis (mm)

Fig. 13 Distortions profile when a shift (a) D,=10 mm and (b) D,=—10 mm is applied to the incident
laser beam.
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0.9999
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4 2

Fig. 14 Ax, as a function of the tilt angle «, .

Ax is investigated first and can be described as a func-
tion of the actual positiory and the tilt anglex,:

Ax=TF(Y,a)=A(ay) +B(ay) Y+C(ay) Y2

where A(a,) is almost negligible for small angle=
tana) but increases exponentially with larger ang&ée,)
is defined af\x;. The functionB(«,) is equal to zero for

Qx (deg)

By applying a curve fitting between the different values
(see the values indicated on the different cuyviésppears
that the cubic coefficient is the dominant coefficient,
whereas the other coefficients can be neglected. Equation
(14) is rewritten as:

Ax;=Msza’. (15)

Figure 1%a) indicates the curvature of the scanned lines for
different anglesa, varying from +3 to —3 deg. The
change of curvatur€(a,) as a function of the tilt angle,

is represented in Fig. 1B) and satisfies the following rela-
tion:

C(ay) =N+ Njay+NyaZ+Nyal+Nyal. (16)

In this case only the cubic term can be neglected. Therefore
AX, is expressed as:

Axp=(Ng+Njay+Nya2+Nyad) Y2, 17
The errorAx from Eq. (12) is therefore expressed as:
Ax=Mgza3+[(Nog+Njay+Nya2+Nyal)-Y?]. (19

On the other hand, the errdry is a function of the actual

the Y-axis nonlinearity, as the slopes are equal to zero at thepositionX and the tilt anglex, . Therefore, it can be written

minimum points of the parabolas. The functi@{«ay) is
multiplied by the quadratic tern#? and is defined adx,.

Equation(12) is rewritten as:

Ax=Ax;+AX,.

Ax, is represented as a function of, in Fig. 14, and

satisfies the following relation:

AXJ_: M0+ Mlax-f- M2a>2<+ M3C¥§.

035 |
03
0.25
02

0.15

sz (mm)

0.1

0.05

Y-axis (mm)

as:
Ay=f(X,ay)=A’(a,)+B'(ay) - X+C'(ay)-X?. (19

It should be noted from the distortion profile shown in Fig.
16(a) that the two function®\’ (ay), which determines the
shift of the curve in theY direction, andB’(«,), which
gives the slope of the curve, have the greatest contributions
in the previous relation for small anglés3 deg. How-

0.0048 T T T T T
0.0046 |-
0.0044 |
~ 0.0042 +
5
0.004 Y =NO+ N1*x + ... N8*x* + No*x®
NO 0.004242
0.0038 N1 00001982 .
N2 -5.824¢-05
N3 2222607 ]
0.0036 N4 5.539¢-06 B
R 1
0.m34.A.1.XH|A‘.I....| P (S ey
-3 -2 -1 0 1 2 3
o, (deg)

(b)

Fig. 15 (a) Ax, as a function of the distance Y for different «, . (b) The change in curvature C(«,) as
a function of a, .
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Fig. 16 (a) Ay as a function of the distance X for different values of @, . (b) A’(«,) as a function of «,, .
(c) B'(«,) as a function of a,. (d) C’'(a,) as a function of «,,.

ever, the quadratic ter@’(«,) should not be neglected The results obtained with this model were satisfactory and
even for such small angles. Each of these three functionsallowed the tracking of a microgripper by means of a CCD
has a quadratic relation with, as indicated in Figs. 16)
to 16(d), and the three relations can be written as

A'(ay)=Eg+Eja,+Ejal,
B’(ay)=Fo+Fiay+F,alf,

C'(ay)=Go+Gray+Gyal.

The following coefficientsky, Fy, G, and G, can be

(20
(21)

(22

neglected. Therefore, the errAry is expressed as

Ay=[Ejay+Eya; ]+ ([Fray+Foaj]-X)
+([Gyay]-X?).

Equations(18) and (23) lead to an accuracy level better
than 0.005% for displacement along texis, and 0.044%
for the displacements along tixeaxis. Based on the previ-

(23

camera.

4 Summary and Conclusion

Any beam scanning system will undergo path distortions of
the laser beam, whether it is a single mirror with a single-
rotation DOF, two-rotation DOF, or a two-mirror configu-
ration. In this work, the study of the distortion profiles re-
sulting from a tip/tilt mirror is investigated in detail. A
vector analysis is carried out and the main parameters that
generate these distortions are identified. The angle of inci-
dence of the laser beam is the most dominant parameter,
however the effect of the distan&ebetween the center of
rotation and the reflecting surface is also noticeable but
much less important. Furthermore, mathematical relations
for the correction factors are developed to compensate for
the beam path distortions. The case of a scanning head
using this scanner for microspot welding is studied. After
the correction, an accuracy better than 0.005% for Yhe

ous vector analysis, a simplified model of the first order axis and 0.044% for th& axis is obtained all over a target
was derived to compensate for the scanner nonlinerity. plane of 25<25 mm located at a distance= 120 mm from
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the center of rotation of the mirror. The same procedure toral researcher at the Massachusetts Institute of Technology (MIT)

in the Field and Space Robotics Laboratory in 2001, where he was
g;?zenrgegdegrerlreetr?(?gl ?)glei);r;[gt:rr;y d?;fr;?r case where the Optlthe lead researcher of the NASA Institute for Advanced Concepts

project on self-transforming robotic planetary explorers. He is
now the head of the mechatronics group at the Atomic Energy
Commission in France at Fontenay aux Roses. His research inter-
ests lie in the field of mechatronics, optical scanning, dynamics,
robotics, microengineering, and smart materials.
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