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. Introduction

Recent advances in mini-invasive surgical techniques [1–3], as 

 
 
 
 

 
 
 

 

 

endoscopes are unsuitable for SPS and NOTES, being documented 
to suffer from both manipulation and vision issues [8]. For 
example, controlling the stiffness of the flexible endoscope is not 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

ingle port surgery (SPS) and natural orifice trans-luminal endo-
copic surgery (NOTES), have been pushing the biomedical
esearch toward the study of a next generation of feasible service
ools for intra-corporal vision and tissue manipulation. These tools
otentially can overcome the limitations, recognized in such new
echniques, of conventional rigid laparoscopic instrumentation [4–
]. Basically, they are mainly passive instruments using optical
bers to deliver the light into the abdominal cavity and rod lenses
o transmit the image back to the external camera sensor. Flexible
ndoscopes, ordinarily adopted in diagnostics, have been endeav-
red in substitution to rigid laparoscopes. They have a steerable tip
o ease navigation, to direct the camera and the instruments. How-
ver, only the deflection of the tip can be controlled by means of
teel cables, while the rest of the body is passive. Basically, flexible
∗ Corresponding author. Tel.: +39 0223993352.
E-mail addresses: pietro.cerveri@polimi.it,
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trivial with effects on accurate force exertion. The number of tools
that can be simultaneously used (number of tool channels) is one
or two, and those tools are parallel and at close distance, impairing
tool triangu-lation. Moving the axial position of the endoscope tip,
to adapt the field of view of the surgical target, is not facilitated
and still requires extra expert assistance. In order to overcome
such drawbacks, sev-eral research developments of innovative
surgical platforms, based on micro-robotic solutions, have been
carried out [9–13]. As for the vision facility, there have been R&D
efforts in the direction of providing into a single distal device the
main functional features such as scene illumination, imaging,
target variable magnification (variable focal length) and vision
orientation.

As far as the magnification is concerned, conventional zoom
imaging systems are composed of several optical lens sets and some
of them are variable in position. Mechanical compensation (MC)
allows optical zoom with two mobile lens sets [14]. A coor-dinated
motion of the two lens sets makes possible to change the
magnification (“variator” lens set) while preserving the image focus
(“compensator” lens set). However, moving to miniaturization, the
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mailto:pietro.cerveri@polimi.it
mailto:pietro.cerveri@biomed.polimi.it


a  
a  
l  
r  
e  
m  
e , 
w  
s  
t  
r  
t  
r

 
c  
w  
f  
s , 
i  
m  
g
m  
p  
a  
[
t  
3  
m
( , 
U  
a
m  
t
m  
r  
c

 
m , 
w
s  
a  
p  
p

2

 
a  
t  
s  
t  
c  
c  
a  
o , 
c  
u  
i  
d  
b  
s

o
A
c
A

(a) (b)

Sho rt
focus

Long
focus

L1 L4L3L2

L1 L4L3L2
d12S

d12L

d23S d34 S

d23L d34L

L3L2

F

DL2<0

L3>0

Fig. 1. Schematic diagram of a mechanical compensation system (a). L1 is the front 
fixed set, L2 is the mobile zoom set, L3 is the mobile compensation set and L4 is the 
rear fixed set. The set distances at short focus and long focus are d12S, d23S, d34S, and 
d12L, d23L, d34L, respectively. Zoom and compensation sets (b). F and F′ designate 
object spot of the zoom set and image spot of the compensation set. During 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

ccurate control of the lens coordinated motion requires ad-hoc
ctuators. For example, considering a 10 mm optical system
ength, such an approach requires micro-metric lens positioning
esolution (∼10 �m), which is difficult to achieve with traditional
lectrome-chanical motors. In order to overcome the need of
oving two lens sets, the combination of a single-moving-optical

lement and an extended-depth-of-focus method was proposed
hich yielded a zoom factor of about 2.5× for an overall optical

ystem length less than 12 mm [15]. Despite technically easier
han traditional MC, the extended-depth-of-focus method
equired a cubic phase mask (spatial phase modulation function in
he aperture stop of the lens system) and additional digital image
estoration processes to recover the defocus effect [16].

In order to cope with miniaturization and accurate position
ontrol issues, shape memory alloys (SMA) and piezo actua-tion
ere proposed. SMA actuators were largely investigated as

ounding technology in miniaturized robotic systems for their
ignificant displacement and force generation [17]. For exam-ple
n [18,19], the authors presented an actuation system based on

iniaturized SMA wire on silicon (4.5 mm × 1.8 mm) able to
enerate a displacement of about 600 � m. Similarly in perfor-
ance and size, piezo-motors have been recently successfully

roposed for biomedical applications where the resolution and
ccuracy of the instrument positioning are demanding [20–23]. In
21], the authors proposed a piezoelectric ultrasonic microac-
uator (1.5 mm × 1.5 mm × 5 mm) able to generate a force of about
0 mN for driving optics with potential applications in mobiles and
icro-cameras. A linear piezo-motor (2.8 mm × 2.8 mm × 6 mm)

Squiggle® SQL-RV-1.8, Newscale Technologies Inc., Victory, NY
SA) was adopted to actuate a mini-robot in cardiac surgery [22]
nd a distractor in jaw bone surgery [23]. Interestingly, this com-
ercial microactuator is able to exert a force of 300 mN along a

ravel path of 6 mm with a nominal positioning resolution of 0.5 �
, and overall overcomes (3.3 V) the high voltage power sup-ply

equirement typical (∼100 V) of the traditional piezoelectric
rystals.

In this paper, we describe the optical design of an innovative
iniaturized camera, to be integrated within a robotic endoscope
hich provides zoom capability thanks to mechanical compen-

ation. A closed-loop actuation unit, devoted to properly and
ccurately move the lenses, was implemented and tested in a
rototypical setup, by using Squiggle piezo-motors and magnetic
osition encoders (NSE-5310, AMS, Unterpremstaetten, Austria).

. Miniaturized optical system design

The main requirements of endoscopic vision in mini-invasive
bdominal surgery [8] were mainly taken into consideration for
he optical design and then translated into a set of technical
pecifica-tions (Table 1). A distance range from the vision tool to
he surgical target ranging from about 50 to 150 mm and a
orresponding depth of field range in between 5 and 20 mm are
ommon vision require-ments. Typically a laparoscope as an
ngular field of view (FOV) of about 70◦–80◦. At an object distance
f 50 mm, an angular field of view (FOV) of about 50◦

orresponding to a transversal object size of about 60 mm, is
sually considered adequate. Chromatic qual-ity of the resulting

mage is a significant feature for diagnostic and tissue
iscrimination purposes as well. As the aperture is essen-tial
ecause it determines the resolution of the optical system, we
etup its value by defining the stop surface diameter.
The main environmental constraint was represented by the size 
f the surgical incision, which typically ranges from 10 to 15 mm. 
ccording to such requirements, a maximum external radius of the 
amera of 10 mm, with maximum length of 30 mm was attempted. 
ssuming the lens support of at least 1 mm in thickness, a

 
 

mechanical motion D should be held constant.

maximum lens diameter of 7 mm, a minimum lens edge of 0.5 mm
and an overall optical system length lesser than of 20 mm, were
setup, as well. The design of the optical zoom took also into account
the maximum travel path of the selected micro-motors (6 mm).

In this study, the mechanical compensation (Fig. 1) was imple-
mented using four lens sets, two fixed and two mobile, in the
positive-negative-positive-positive optical format (see Appendix).
The relations among the set distances d12, d23, d34 were determined 
in function of the optical features required to the system.

The initial design was optimized, considering lens radius and
inter-component separations, lens distances, even glasses, by
using Optalix software (Optenso, CH). A stop surface diameter of
1 mm was defined. Along with the various identified requirements
(Table 1), astigmatism, transverse and longitudinal aberrations,
and distortion quantities were opportunely included in the
optimiza-tion for minimization. According to basic manufacturing
tolerances, a lens edge less than 500 � m was not allowed. No
aspheric sur-faces were employed in the design. The best
compromise between optical performances and surgical needs
leaded to an optical sys-tem composed by 14 lenses, with a total
length of 15.55 mm, and an overall EFL ranging from about 1.5 to
4.3 mm (zoom factor: 2.8×) (Fig. 2). Set I (distal lenses), featuring a
wide aperture angle, consisted of the coupling between a negative
doublet (glasses: SF4, SF5) and a convex lens (glass: LAF2), with a
resulting positive focal length (36.93 mm). The negative doublet
reduced the chromatic aberrations, whereas the convex lens, with
high dioptric power, provided focus capability at lower distances.
This allowed to get closer to the set II and reduce the overall length
of the optical system.

The mobile zoom set II, consisting in a positive meniscus (glass:
LAF2) and a negative doublet (glasses: LAF3, SF8) with a negative
focal length (−4.96 mm), provided focal length adaptation of the
whole optical system varying the aperture angle without affect-ing
the image height. The mobile compensation set III, keeping the
image focus without varying the magnification factor, consisted in
a negative meniscus (glass: FK5) and a positive doublet (glasses:
SF15, BASF64), with a positive focal length (2.53 mm). Set IV,
devoted to the final image focus, consisted in a negative doublet
(glasses: SF4, SF4), a positive meniscus (glass: LAF2), and a final
pos-itive doublet (glasses: LAF2, SF4). This last set was

characterized by a positive focal length (17.17 mm) and a high 
dioptric power. The predicted lens travel (Fig. 3) was almost linear 
for the compensation



Table 1
Main constraints and specifications of the optical system.

Operational constraints Optical and technical specifications

Maximum internal diameter 8 mm Optical system length <20 mm
Maximum camera length 30 mm Lens diameter 2 mm ≤∅≤ 7 mm
Working distance 50–150 mm Lens edge ≥0.5 mm
Depth of field 5–20 mm Stop surface∅ 1 mm
Image sensor height 1.53 mm Optical distortion <15%
Wavelengths RGB Field of view (FOV) 50◦–60◦

Maximum image distortion 25% Optical zoom ∼3×
Maximum motor travel 6 mm Lens displacement ≤6 mm

tem. Lens sets II and III are mobile.
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Fig. 2. Layout of the lens sys

et (path: 0.98 mm) whereas it was non-linear for the zoom set
path: 3.30 mm).

. Optical performance

.1. Lens system

Three different effective focal lengths (EFL), corresponding to
ide-angle, mid-range and tele-photo zoom configurations, were

aken into account (Fig. 4). In the wide-angle configuration the EFL

he F number and the FOV were 1.56 mm, 2.79◦ and 56◦, respec-
ively. In mid-range configuration, we got 2.60 mm, 2.79◦ and 32◦, 
espectively. In tele-photo configuration, we got 4.31 mm, 2.76◦

Fig. 3. The path chart of zoom set and compensation set.

Fig. 4. Three reference zoom positions: wide-angle (short focal), mid-range (mid
focal) and tele-photo (long focal). In wide-angle configuration, rays were casted at
0◦ , 13◦ and 28◦ . In mid-range configuration, rays were casted at 0◦ , 7◦ , 16◦ . In tele-
photo configuration, rays were casted at 0◦ , 4◦ and 9◦ . The object was assumed to
be at 150 mm away from the distal lens set I. The image plane height was constant
across the zoom range.



Table 2
Longitudinal spherical aberration, optical distortion, and MTF.

Wide-angle Mid-range Tele-photo

Max longitudinal
spherical aberration

35 �m (28◦) 25 �m (16◦) 25 �m (9◦)

Max distortion 12% (barrel) 6% (barrel) 1% (pincushion)
Perceived sharpness 84 lp/mm 80 lp/mm 65 lp/mm
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Table 3
Feature comparison between a typical laparoscope and the designed optical system.

Optical features Laparoscope Our system

Total length >20 cm <2 cm
EFL 2 mm 1.56–4.31 mm
Magnification 2.8×
Max astigmatism 125 �m 25 �m
Max aberration 100 �m 35 �m

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 
 

 
 
 
 
 
 
 
 

between the first two lenses (negative doublet and positive menis-
cus) and the final positive doublet for the lens set IV (test T2); (b) the 
axial alignment on the optical axis through a tilt angle about the 
transverse X axis (test T3); (c) the translation away from the optical

Table 4
(MTF at 50%)

nd 18◦, respectively. Under such conditions, the image height was
lmost constant (∼1.50 mm) across the zoom range (nominal
eight of the image sensor: 1.53 mm).

The performance of the simulated optical system was evalu-
ted in terms of astigmatism, transverse and longitudinal spherical
berrations, and optical distortion. In order to quantify the image
ontrast, the perceived image sharpness was adopted [24]. This
easure is a practical parameter used to qualify the optical res-

lution and relates to the spatial frequency, represented by the
odulation transfer function (MTF).1 Astigmatic field curves and

ransverse aberration, which was displayed through spots, were
eported in Figs. 5–7, for the three zoom configurations and for
hree visible wavelengths. Considering achromatic astigmatism
he maximum difference between sagittal and tangential values
as less than 15 �m at the angular field of 28◦ (half FOV) in wide-

ngle configuration. Considering the three wavelengths sep-
rately, the maximum predicted chromatic astigmatism was less
han 25 �m in all the three zoom configurations.

As far as transverse aberration is concerned, the maximum
alue was less than 15 � m. This value was compared to the
ominal Airy disk diameter defined as 14:

Airy = 2.44�F# (1)

here � and F# are the light wavelength and the F number of the
ptical system. Traditionally, an aberration less than 10 times the
iry disk diameter is considered acceptable [14]. Assuming an aver-
ge F# of about 3 and the smallest wavelength (� = 0.420 �m), we
btained a nominal Airy disk of 3 �m. The predicted 15 �m for the
ransverse aberration was than just 5 time greater than Airy disk
iameter thus the predicted transverse aberration can be consid-
red acceptable.

Results about longitudinal aberration, optical distortion and
TF were synthesized in Table 2. The optical distortion was max-

mum at wide-angle configuration (barrel: 16%) and was lower at
oth middle range (barrel: 6%) and telephoto (pincushion: 1%)
onfigurations. The prediction of the perceived sharpness at field
oundary was 84 lp/mm at the wide-angle, 80 lp/mm at the mid-
ngle, and 65 lp/mm at tele-photo configurations. While such
alues are lower than the maximum nominal spatial frequency
esolved by the CMOS (∼180 lp/mm), they are consistent with typ-
cal MTF values of digital photography and sufficient to get an
cceptable image quality [24].

The main optical and structural features of a traditional rigid
aparoscope (Fig. 8) were considered and compared to the designed
ptical system (Table 3). As it can be seen, the optical design
erformed in this study overcomes the performances of a rigid
aparoscope especially for astigmatism, aberration and distortion.

1 The essential meaning of MTF is rather simple. Suppose you have a pattern con-
isting of a pure tone (a sine wave). At frequencies where the MTF of an imaging
ystem or a component (film, lens, etc.) is 100%, the pattern is un-attenuated, i.e., it
etains full contrast. The perceived sharpness, expressed in line pairs per millimeter
lp/mm), is the value where contrast has dropped by half, namely when the MTF
eaches 50%.
Distortion 18% 12%
Minimal MTF 65 lp/mm 65 lp/mm

3.2. Uncertainty of the lens set positioning

In order to evaluated the effect of the uncertainty of the lens set
positioning on the optical aberrations, we systematically simulated
progressive shifts (step: 10 �m) of the compensation and zoom sets
independently in two separated tests, up to a positioning error of
±70 �m.

Without loss of generality mid-range position was chosen and the
achromatic astigmatism and transverse spherical aberration were
predicted. In Fig. 9, the deviation results of the two optical aberrations
were depicted. The reference values of the two nominal optical
aberrations for the selected mid-range position were set to zero so that
the deviation plots were referred to the corresponding values. The
deviation trends were almost linear with the shifting. As expected,
errors in positioning the compensation lens set were more significant
in decreasing the image quality than an identical uncertainty in the
positioning of the zoom lens set. Interestingly, just a deviation of 20 �m
of positioning error of the compensation lens set decreased the
astigmatism quality of more than 40 � m. We extrapolated that a
positioning error of 5 � m would deteriorate the aberration with a
maximum value of 10 �m.

3.3. Effects of tolerances

In order to evaluate the effect of the manufacturing tolerances,
approximation of the lens axial alignments and opto-mechanics
mounting, we simulated optical and mounting uncertainty. With-
out loss of generality, we considered separately the uncertainty of
the lens set number II (zoom set), the lens set number III (compen-
sation set) and the lens set number IV, disregarding the lens set I.
Five different testing conditions were considered (Table 4) and the
results compared to nominal optical performances.

A lens curvature variation of ±1%, with respect to the nomi-nal
value, was given to simulate manufacturing tolerance (test T1).
Given that we are dealing with absolute lens radii ranging from 1.5
to 15 mm, the chosen tolerance corresponded to a metric range of
about 15–150 �m. The opto-mechanics mounting imprecision was
simulated by modifying: (a) the axial distance between the posi-tive
meniscus and the negative doublet for zoom set, between the
negative meniscus and the positive doublet for compensation set,
Protocol for testing the effect of manufacturing tolerances. Test T1 simulated the 
manufacturing tolerance. Test T2 simulated opto-mechanics mounting impreci-
sion. Test T3 simulated axial deviation of the optical axis. Test T4 simulated lens 
decentering.

Lens tolerance T1 T2 T3 T4 T5

Radius of curvature ±1% 0 0 0 ±1%
Relative axial distance 0 ±50 �m 0 0 ±50 �m
X – Tilt 0 0 ±1◦ 0 ±1◦

X – Decentering 0 0 0 ±50 �m ±50 �m



Fig. 5. Wide-angle zoom position. Sagittal (square mark) and tangential (circle mark) astigmatism (right panel) for the three wavelengths blue (420 nm), green (546 nm) and
red (650 nm). Spot vs field and wavelength (left panel). The cross size is 15 �m. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 6. Mid-range zoom position. Sagittal (square mark) and tangential (circle mark) astigmatism (right panel) for the three wavelengths blue (420 nm), green (546 nm) and
red (650 nm). Spot vs field and wavelength (left panel). The cross size is 15 �m. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 7. Tele-photo zoom position. Sagittal (square mark) and tangential (circle mark) astigmatism (right panel) for the three wavelengths blue (420 nm), green (546 nm) and
red (650 nm). Spot vs field and wavelength (left panel). The cross size is 15 �m. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 8. Optical design of a rigid laparoscope.



Fig. 9. Effects of the uncertainty of the lens set positioning on the achromatic astigmatism and transverse spherical aberration (maximum error). As expected, errors in
positioning the compensation lens set were more significant in decreasing the image quality.

Table 5
Results (�m) of tolerance tests. RMS and maximum value of the transverse aberration distribution over all the three zoom positions, the three wavelengths and the three
FOV. The nominal design values are 3.9 and 7.6 �m, respectively.

Lens set T1 T2 T3 T4 T5

− + − + − + − + − +

II (Zoom) 4.4 (11.4) 4.3 (10.1) 4.5 (13.3) 4.3 (12.1) 4.7 (12.3) 4.3 (11.9) 4.5 (12.6) 4.4 (11.9) 5.6 (16.2) 5.4 (15.9)
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III (Compensation) 8.6 (20.2) 9.4 (25.3) 4.7 (13.7) 4.4 (12.3)
IV (Proximal) 4.5 (9.6) 4.1 (8.7) 4.1 (8.8) 4.3 (9.1)

xis through a decentering displacement in X direction (test T4). In
est T5, all the previous effects were considered altogether.

Root mean square (RMS) and maximum value of the transverse
berration distribution over all the three zoom positions, the three
avelengths and the three FOV were used to test the tolerance

ffect. The nominal design values were 3.9 and 7.6 �m, respectively
esults showed that deviations from design are more critical in the
ompensation lens set than zoom lens set (Table 5). This was in
greement with previous results (see Section 3.1). In the lens set
V, the tolerance was more important than that of the zoom set but
ess critical than that of compensation lens set.

In the zoom set, the lens curvature tolerance (T1) increased the
MS of the transverse aberration of about 13% with respect to the
ominal value. Tolerances of the other three quantities affected
imilarly the transverse aberration. Considering the joined effect
f all the tolerances (T5), the RMS increased overall of about 40%
n the compensation set, the lens curvature tolerance increased the
MS of about 130%. The relative axial distance (T2) decentering dis-
lacement (T4) tolerances were similar, however less critical with
espect to T1, T3, and T5 tolerances. Considering the joined effect
f all the tolerances (T5), the RMS increased overall of about 270%
 relative increase of the RMS of about 150% was obtained between
oom and compensation sets (T5). In the lens set IV, the effect of the
ens curvature tolerance was quite similar to that one in the zoom
et. In contrast to the results of the compensation set, the tolerance
f lens decentering (T4) affected more the transverse aberration
han the lens tilt (T3).
A specific analysis was performed for the tolerance of the radius 
f curvature in the compensation set. Four tolerances were consid-
red: 1%, 0.5%, 0.1%, 0.05% (Table 6). As it can be seen, the effect of

able 6
esults (�m) of tolerance of the radius of curvature in the compensation set. RMS 
nd maximum value of the transverse aberration distribution over all the three zoom 
ositions, the three wavelengths and the three FOV. The nominal design values are 
.9 and 7.6 �m, respectively.

Lens set 1% 0.5% 0.1% 0.05%
III (Compensation) 8.6 (20.2) 5.5 (14.8) 4.1 (7.9) 4.0 (7.8)

 

0.7) 6.8 (18.6) 5.3 (16.7) 4.2 (11.5) 14.2 (32.6) 14.9 (37.1)
2.0) 5.3 (15.9) 6.2 (15.6) 5.8 (14.8) 8.9 (21.7) 7.4 (19.4)

the tolerance was critical in reducing optical performances when
moving from 0.1% to 0.5%.

4. Actuation and position control performance

For the actuation of the lens sets II and III, the piezo-electric 
Squiggle motor and magnetic position encoder, mentioned earlier 
in the text, were adopted. The Squiggle motor features variable 
speed from 1 �m/s up to about 10 mm/s, according to the duty 
cycle, with positioning resolution less than 1 �m in an overall 
travel path of 6 mm. The motor is based on a screw, which is 
moved back and forth within a threaded nut encapsulated among 4 
piezo-electric plates. These are electrically driven by using 4 signals 
opportunely dephased and inverted. When the motor is holding the 
screw position there is no power consumption thanks to the motor 
auto switch-off feature. However, the piezo-motor is just able to 
push so that the retrograde motion must be facilitated using for 
example passive springs. The motor control can be performed by 
setting a register value (11 useful bits) corresponding to a pulse 
number C that in turn codes for the linear motor speed. For example, 
value of 2047 with a duty cycle of 50% leads to a speed of 7 mm/s. 
The actuation is iteratively performed by defining the pulse counter 
and waiting up until the register is null, which corresponds to an 
executed motion step of length D. The magnetic position encoder, 
based on Hall effect, is able to measure linear movements with a 
resolution of 0.5 �m that is in the same order of magnitude of the 
Squiggle motor motion resolution. Along with the magnetic sen-
sor, the position encoder requires a passive part (magnetic strip) 
attached to the mobile support and positioned at a maximum dis-
tance of 300 �m from the sensor.

In order to test the performance of the positioning, we arranged 
a prototypical experimental setup developing a printed control 
board (PCB), equipped with one squiggle motor, the corresponding 
power driver, the position sensor and the corresponding magnetic

strip (Fig. 10). All the active devices were connected to an on-board 
programmable micro-controller. The motor shaft was mechanically 
connected to a plastic manufacture emulating the mechanical sup-
port of the lens set.
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in the tip of the endoscope. A major drawback of these chip-on-
ig. 10. Squiggle piezo-electric motor along with the position encoder and the mag-
etic strip in the testing setup. The distance between the magnetic strip and the
ensor was in the range of about 300 �m.

The protocol for the calibration of the piezo-actuator involved
5 repetitions of a progressive motion of the motor screw at max-

mum speed from the rest position up to about 3 mm of travel (Fig
1). The position of the mobile support (see Fig. 10) was mea-sured
y the Hall sensor at a fixed time step of 35 ms. As it can be seen
he position uncertainty grows as the travel path increase from a
alue of the standard deviation of about 64 �m (at about 0.5 mm
ath) to a value of 292 � m (at about 3 mm path). This can be
otivated by considering the friction between the mobile sup-port

nd the shaft (see Fig. 10). While an almost linear relationship was
ound (R2 = 0.99, p-value <10−6), the positioning accuracy was not
n agreement with the requirements. Therefore, a proportional
ontrol loop was implemented to both increase the positioning
ccuracy and cope with the effects of the potential variable load on
he motor shaft and the friction on the mobile components, which
an invalidate the calibration relationship. In detail, the control
oop was expressed as:

⎧

i =

⎨
⎩

C if |PT − Pi| > D

kC
|PT − Pi|

D
otherwise

(2)

ig. 11. Calibration of the piezo-actuator. The position of the motor was measured
y the Hall sensor at fixed time steps (35 ms). Corresponding error bars, computed
ver 15 repetitions, were reported.
where ci, k, PT , Pi, D are the current pulse number to drive the
motor at iteration i, the proportional factor less than 1, the desired
travel, the measured travel, nominal travel D (∼150 � m) for the
maximum pulse number, estimated by calibration, respectively.

Without lack of generality, the control loop was implemented to
stop the motion when the magnetic position encoder measured a
difference between the measured and the desired travel less than a
threshold s (5 �m). According to simulation results of the position-
ing uncertainty (Fig. 9), this choice was done to tolerate a maximum
decrease of the aberrations less than 10 �m. Five different length
of the traveling path, namely 0.25, 0.5, 1, 2 and 4 mm, were tested.
Control results using k = 0.5 (Fig. 12) showed that all the travel
paths reached the desired positions and were approximately linear
in time except when approaching the desired position (red circles
in Fig. 12) where the control law progressively reduced the speed
according to the decrease of the value PT − P (Eq. (2)). Due to
friction effects, the trajectories for reaching the different positions
were not perfectly superimposed (see the box detail in Fig. 12). The
maxi-mum repeatability of the time shift for reaching the same
position, across 10 repetitions, was on average less than 10 ms.

5. Discussion

5.1. Clinical scenario of application

Joining innovative robotics and mini-invasive surgical tech-
niques appears to be a promising developing paradigm for
treatment platforms in abdominal surgery over the next years. In
our vision, NOTE surgery and dedicated miniature robotics devices
would disclose the chance of developing new surgical techniques
with the challenging aspect of relocating at the end the entire oper-
ating room within the abdominal cavity. Nonetheless, several steps
are still necessary both in terms of techniques and technologies
before this can become a reality. The work described in this paper
is moving along this course focusing on technological issues of the
endoscopic vision.

Traditional rigid endoscopes use expensive and damageable rod
lenses to transport the image through a long tube to a back-
mounted camera. This increase the weight and make handling
more difficult. Present developments in endoscopy aim for placing
the optical imaging system together with the digital image sensor
the-tip endoscopes are their fixed lenses. Neither focusing nor 
optical zooming is possible. Frequent moving of the endoscope 
may result in missing anatomical features and consuming 
operation time.

Fig. 12. Travel of 5 different distances, namely 0.25, 0.5, 1, 2 and 4 mm. Red circles
represent the point in the control loop when approaching the desired position. Detail
of the motion steps when approaching 1 mm. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 13. Positioning system, composed by 3 identical kinematic modules, 2 degrees of motion each, carrying the camera at the end-effector (a). Simplified scenario for the
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linical application (b). The overall surgical device is composed by a proximal car
ositioning system used to position and orient the vision system or alternatively th

We detailed the optical design and the lens displacement control
f an innovative miniature vision system (patent pending) aim-
ng at overcoming some limitations of the conventional endoscopic
echnologies. The designed system instead provides the chance of
ositioning the tip of the camera at variable distance from the tar-
et with a number of advantages. Increasing the distance to target
educes the interference with the operating tools and for instance
an preserve the camera tip from getting dirty because of the fluid
esidual of cauterization. In addition, a greater FOV is obtained at
he highest distance maintaining the image at focus. In comparison
o long rigid endoscope (20 cm long) the proposed system can be
mbedded into a 2 cm long cylindrical bulk.

A potential scenario for the application of the proposed appa-
atus was depicted in Fig. 13. The overall surgical instrument is
omposed by a proximal carrier, similar to a flexible manipulator,
nd a distal articulated operative part, represented as a chain of
ctuated kinematic modules to position and orient a surgical tool.
his feature could contribute to overcome the limitation of the flex-
ble endoscope used in NOTE surgery where the stiffness prevents
asy maneuvering of the tip. The camera or any instrument, in prin-
iple, can be hooked to the end-effector of the distal operative part
roviding maximum flexibility of use and minimizing the needed
urgical equipment.

.2. Optical design

The development of the zoom system to be integrated within
urgical tools decreasingly in size still remain an issue for at least
our main reasons: (a) lens design cannot be simply obtained by
caling from development at macro-scale; (b) tolerances of the lens
anufacturing at sub-millimeter size are difficult to warranty; (c)

dopting mechanical compensation paradigm, the accuracy of the
ens positioning is demanding and suitable actuation technologies
annot be readily available or are difficult to setup; (d) the fabri-
ation of miniaturized lenses may be expensive on a short scale.
n this paper, we addressed the first three issues by considering
n ad-hoc lens design, which featured mechanical compensation,
y analyzing the effects of tolerances on the optical performances,
nd by experimenting an innovative positioning technology, based

n squiggle piezo-electric motors. We consider that the proposed 
ork represents a fundamental methodological and technological 

tep that can positively impact on the issue (d) in the former list 
educing manufacturing costs and developing time.
imilar to a flexible manipulator, and a distal articulated operative part, namely a
ical tools.

   The results of the optical design were basically consistent with
constraints and specifications (Table 1). We obtained a 14 lens sys-
tem, separated in four sets, with an overall length L of 15.55 mm
(technical specification L < 20 mm) which was shown to be able to
provide good optical performances in the distance range tradi-
tional of the surgical endoscopy setup. All the lens diameters were
included in the specification range (2 mm < ∅ < 7 mm). The
attained maximum FOV, 56◦ in the wide-angle zoom configuration,
was in agreement with the requirements (50◦ ÷ 60◦). The lens set
II, the variator, allowed obtaining a zoom factor of almost 2.8×,
whereas the lens set III, the compensator, allowed to attain almost
con-stant image height and acceptable optical performances
across the zoom range. As shown, in the worst condition a
maximum astig-matism, spherical aberration and image distortion
of 25 � m, 35 � m and 12%, respectively, were predicted. The
perceived sharpness was not lower than 65 lp/mm. All design
features and the optical per-formance were also in accordance
with similar studies in literature [24]. The maximum lens travel
distance was 3.30 mm, for the zoom set, that was within the
traveling range of the tested piezo-actuator. The tests on the
tolerances reported in this paper were not com-prehensive of all
the physical parameters but limited to the main quantities as lens
curvature, relative axial distance, lens decentering and lens tilt.
The analysis showed that the deviations to the nominal design
conditions can dramatically decrease the optical performances.
Interestingly, we found that greater attention should be paid to the
tolerance of the compensation lens set than that one of the zoom
lens set. Under the same tolerance conditions, a relative increase of
more than 150% of the transverse aberration (see Tables 5 and 6)
was predicted. In particular, the lens curva-ture tolerance was
shown the most critical feature especially for the compensation
lens set. Manufacturing tolerances for radius of curvature are
typically ±0.5%, but can be as low as ±0.1% in preci-sion
applications. Recent lens micro-fabrication technologies have
demonstrated the ability to cope with tolerances as low as ±0.01%
for extremely high quality needs [25]. Results showed that keep-
ing the tolerance of the radius of curvature under ±0.1% allows to
approximate the nominal optical performances (Table 5). The
manufacturing of the mechanical supports and opto-mechanics

mounting is a critical issue as well. We attained that ±1◦ and±50 �
m of lens tilt and decenter in the compensation set, respec-tively, 
deteriorate the transverse aberration of about 80% and 20%(Table 
5). Therefore, precise techniques for the micro-fabrication of the 
mechanical supports are mandatory to assure high reliability in
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minal endoscopic robotic surgery: new perspectives. In: Proceedings of 2010 
IEEE/ASME international conference on mechatronic and embedded systems 
and applications (MESA). 2010. p. 440–5.
he relative coupling among the mobile parts and to minimize the
riction.

.3. Lens positioning control

A weakness of moveable lenses is that individual elements of
hese optical systems have to move very precisely along calcu-
ated trajectories. The control of lens motion was experimentally
nvestigated using the miniature squiggle motor and magnetic
osition encoders in a closed-loop control setup. The technical fea-
ures of the motor (linear positioning resolution: 0.5 �m; traveling
ath: 6 mm) were verified showing that it can travel millimeter
ath (3.5 mm), with micrometric accuracy (5 �m) as required for
ositioning lens sets, in reasonable time. In comparison to other
iezo-actuators [20,21], the selected motor can be readily inte-
rated into low power system as it can be actuated using 3.3 V
oltage thus avoiding dedicated power adaptation.

. Conclusions

The performance evaluation of the predicted image quality
nd the positioning feature of the squiggle motor can meet the
equirements of a miniaturized optical systems for laparoscopic
urgery. We acknowledge that, although optical design can be
imulated very effectively, there still exist significant differences
etween a fabricated system and the simulation due to manufac-
uring and assembly tolerances. However, the fabrication of such
complex optical system can take advantage from design studies

imilar to that one presented in the present paper. Overall this
aper can be considered a significant contribute toward future
evelopments of integrated miniaturized camera systems for
iomedical applications.
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ppendix

echanical compensation paradigm

Mechanical compensation in its simplest arrangement consists
f two mobile optical sets. The first one called “variator” is respon-
ible for zooming but introduces defocus and optical aberration. In
rder to recover the focus loss, a second mobile lens set, called
compensator”, is used. Actually, traditional zoom optics include
ither one or two additional fixed optical sets, to reduce
berrations and increase overall optical power. For miniaturization
urposes, these two aspects are significant. Considering a four lens
et optical system (see Fig. 1), L1 is the front fixed set, L2 is the
obile zoom set, L3 is the mobile compensation set and L4 is the

ear fixed set. Each set is represented by an equivalent focal length

nd a magnifi-cation factor, namely f and m, respectively. The set 
istances are d12, d23, d34. When the optical system moves from 
hort to long focus set L2 travels to the right while set L3 travels to 
he left, shortening d23 and broadening both d12 and d34. In order to 
ssure optimal
focusing at different magnification factors and avoid lens impact,
distances should be properly chosen.

In this study, the chosen optical format was positive–
negative–positive–positive, namely negative for zooming and
positive for compensation. Then, the magnification m3L of compen-
sation set at long focus can be computed as:

m3L = f3
f2(1 − m2L) − d23L + f3

(A1)

Assuming f2 = −1 (reference value) and |m3L| < 1, a superior
limit for f3 is:

f3 ≤ 0.5|(f2(1 − m2L) − d23L)| (A2)

The object distance l2L and image distance l′2L of the zoom set,
the object distance l3L and image distance l′3L of the compensation
set can be expressed as:

l2L = f2

(
1

m2L
− 1

)
l′2L = f2(1 − m2L)

l3L = l2L − d23L l′3L = l3Lf3
l3L + f3

(A3)

with m3L = l′3L/l3L .
Considering a position change of the zoom and compensation

sets and assuming that D is constant then the object and image
distances are changing as:

l2 = f2

(
1

m2
− 1

)
l′2 = m2l2

l3 = 0.5(−L3 +
√

L3(L3 − 4f3)) l′3 = L3 + l3

(A4)

Given that f1 = d12S + l2S and f2 = d34S − l3S , the three moving
distances are computed as:

d12 = f1 − l2 d23 = l′2 − l3 d34 = l′3 − l′3S + d34S (A5)

In order to avoid lens set impact, we initially defined
d23L = 0.05 mm (minimal distance between zoom set and compen-
sation set in the long focus condition), d12S = 0.05 mm (minimal
distance between the zoom set and the first set in the short focus
condition), d34S = 0.05 mm (minimal distance between the compen-
sation set and the fourth set in the short focus condition). Setting
a reasonable value for f2 and m2L leaded to obtain an initial set
of focal lengths, magnification factors and lens set distances. From
them we attempted different lens set typologies according to the
chosen optical format.
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