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Abstract. We present a novel, hand-held microscope probe for acquiring confocal images of biological tissue. This
probe generates images by scanning a fiber-lens combination with a miniature electromagnetic actuator, which
allows it to be operated in resonant and nonresonant scanning modes. In the resonant scanning mode, a circular
field of view with a diameter of 190 μm and an angular frequency of 127 Hz can be achieved. In the nonresonant
scanning mode, a maximum field of view with a width of 69 μm can be achieved. The measured transverse and
axial resolutions are 0.60 and 7.4 μm, respectively. Images of biological tissue acquired in the resonant mode
are presented, which demonstrate its potential for real-time tissue differentiation. With an outer diameter of 3
mm, the microscope probe could be utilized to visualize cellular microstructures in vivo across a broad range of
minimally-invasive procedures. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3534781]
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1 Introduction

Microscopic imaging of living tissue in vivo could allow for
real-time disease diagnosis.1 Various approaches have been in-
vestigated to develop miniature microscopes that are compatible
with minimally invasive procedures. Most of these approaches
involve either single-fibers or fiber-bundles to transmit and re-
ceive light [as reviewed in Refs. 2 and 3)]. Important design cri-
teria are the spatial resolution, the field of view (FOV), as well
as the contrast that can be achieved. Designs based on coher-
ent fiber bundles have many advantages including the potential
for high levels of miniaturization and mechanical flexibility,4–6

but are limited in resolution by the diameter and spacing of
the fibers. With some designs, Fresnel reflection of illumina-
tion light from the distal ends of the fibers can impose limita-
tions on the dynamic range; fiber autofluorescence can also have
confounding effects. Single-fiber solutions require an actuation
method to move the fiber tip at the distal end of the probe. Meth-
ods employing piezomotors,7, 8 microelectromechanical systems
(MEMS),9, 10 and tuning-forks11 have been investigated. In most
of these approaches, the objective lens system in front of the
fiber distal end is not actuated, which results in constraints on
the achievable numerical aperture (NA) and the FOV of the
scanner.12, 13

Different optical imaging modalities can be employed in a
single-fiber optic scanner such as confocal reflectance,13 con-
focal fluorescence,14 two-photon fluorescence,15, 16 and optical
coherence tomography.17, 18 Most single-fiber scanning micro-
scopes that have been previously demonstrated operate in reso-
nant modes; as such, they may not be ideal for applications re-
quiring longer acquisition times such as two-photon microscopy
and Raman spectroscopy.
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In this paper, we present a single-lens, high resolution,
electromagnetically-controlled confocal fiber-scanning mi-
croscope with an outer diameter of 3.0 mm, that can be
operated in resonant and nonresonant modes. As a preliminary
indication of the capability of this microscope to perform tissue
differentiation, we present images obtained from tissues with
confocal reflectance with and without polarization gating.

2 Materials and Methods
2.1 Optical Design
The scanner design involves a single optical fiber with a flexible
distal end. The position of the distal end of the fiber is controlled
by two sets of electromagnetic coils that allow for deflections in
orthogonal directions transverse to the probe axis. To focus the
light beam delivered from the fiber, an objective lens system is
required. This objective lens system in front of the distal end of
the fiber could either be attached to the fiber or mounted on the
housing of the scanner. When the lens system is mounted to the
housing, the FOV that can be achieved with the given stroke of
the fiber tip Pfiber scales with the ratio of NA of the objective lens
system, NAobj, and the NA of the exit beam, NAfiber. With NAobj

= 0.65 and NAfiber ∼ 0.1, a stroke of Pfiber = 1.3 mm is required
in order to acheive a FOV of 200 μm. The large ratio between the
stroke distance and the FOV imposes severe constraints on the
FOV for small diameter sized fiber scanners. Another drawback
of this approach is that complicated objective lens systems are
required to allow for illumination of the lens to be performed
at different angles while maintaining constant resolution.12, 13, 19

In the approach taken in this study, the objective lens system is
mounted to the moveable part of the fiber at a fixed distance from
the fiber tip. In this way, the FOV is equal to the lateral stroke of
the fiber. Furthermore, the beam enters the lens on-axis, allowing
for the use of a single-lens with a high NA.20 The objective
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Fig. 1 The single plano-aspherical objective lens: (a) optical design layout and (b) a photograph of a manufactured objective lens (the line separation
of the ruler is 0.5 mm).

lens system in our scanner is plano-aspherical, constructed from
poly(methylmethacrylate) (PMMA) (refractive index n = 1.492
and Abbe number V = 57.4), and mounted on a 0.2 mm thick
AF45 Schott glass plate with a design wavelength of 780 nm
(Fig. 1). For fast prototyping, the aspheric lens was directly
diamond turned on a high precision lathe. For this lens, NAobj

= 0.68; the entrance pupil was 0.82 mm and the focal length
was 0.68 mm. The total on-axis thickness of the lens was 0.65
mm. The objective lens was positioned at a distance of 10 mm
from the distal end of the fiber. The air gap between the objective
and the proximal end of the exit glass window was 0.1 mm. The
exit window had a thickness of 0.2 mm and was constructed of
AF45 Schott glass. The objective lens focused the exit beam of
the fiber at a distance of 0.1 mm beyond the distal end of the
exit window that was optimized for immersion in a water-like
environment (n = 1.33).

In order to be flexible for different imaging modalities, espe-
cially for modalities involving short pulses such as two-photon
imaging, chromatic aberration introduced by the objective lens
must be low.21, 22 With our objective lens system, chromatic
aberration results in a time shift �T between the marginal ray
and the principle ray. In order to maintain a short pulse width, the
time shift must be smaller than the pulse width �τ . According
to Bor,22 the time shift is given by

|�T | =
∣∣∣∣∣
NA2

objλ f

2c(n − 1)

dn

dλ

∣∣∣∣∣ =
∣∣∣∣∣

NA2
obj f λ

2c(λF − λC )V

∣∣∣∣∣ , (1)

where λ is the wavelength, NAobj is the numerical aperture ob-
jective, c is the speed of light, n is the refractive index, f the focal

length of the lens, and V is the Abbe number of the lens mate-
rial. The two wavelengths λF and λC are the Fraunhofer F- and
C-spectral lines, given by λF = 486.13 nm and λC = 656.27 nm.
For the objective lens system in our microscope, we find that �T
= 42 fs, which is smaller than pulse widths of approximately
100 fs that are typical for two-photon microscopy applications.

2.2 Mechanical Design
A drawing of the mechanical construction as well as a photo-
graph of the fiber scanning microscope is shown in Fig. 2. It
consists of the cylindrical fiber housing, which is constructed
from a stainless steel cylindrical tube with an inner diameter
of 0.25 mm and outer diameter of 0.5 mm. The proximal end
of this tube is rigidly connected to the microscope housing; the
distal part of this tube can move freely. The length of the fiber
housing is 40 mm. We note that the mechanical properties of
the scanner are determined by the fiber housing and not by the
fiber itself. This property has the advantage that approximately
the same resonant frequency can be maintained with different
optical fibers. At the distal part of the fiber housing, an objective
lens is mounted.

Two independently-driven driving coil pairs are fixed to the
microscope housing, as shown in Fig. 2. In order to minimize
the outer diameter of the microscope housing, the central axes
of the coils are chosen to be perpendicular to the flux of the
magnet. When a current is applied to one of the coil pairs, the
magnet experiences Lorenz forces in a direction that depends on
the sign of the current. By application of appropriate currents in

Fig. 2 (a) Schematic drawing (not to scale) and (b) photograph of the scanning fiber microscope.
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Fig. 3 Schematic diagram of the control electronics. The position information of the objective lens coming from the sensing coil is compared with
the required set-points. Depending on the deviation from the required set-points the control unit adjusts the position of the lens.

the coil pairs, the fiber tip and lens can be arbitrarily positioned
in x- and y- lateral directions within the scanning area.

A sensing coil is attached to the lens mount to measure the
position of the fiber tip and lens with respect to the microscope
housing. While the electromagnetic coupling between magnet
and driving coils deliver the drive forces, the electromagnetic
coupling between the sensing coil and driving coils delivers
the position information. The position measurement method is
described in detail in Sec. 2.3.

From a mechanical standpoint, the scanning part of the sys-
tem can be modeled as a hollow tube with a distributed mass
m (lens, lens mount, magnet, and sensing coil) at the distal end
of the tube. This total distributed mass is m = 55 mg. The hol-
low tube is fixed at the proximal end, while the distal end can
move freely. Taking the shapes and materials into account, the
stiffness of our system is calculated to be k = 37.5 N/m. The
resonance frequency fres, is given by

fres = 1

2π

√
k

m
. (4)

Equation (4) predicts that for our microscope, fres is equal to
131 Hz.

The microscopic image is formed by making a spiral move-
ment with the distal end of the fiber. The field of view FOVres of
the scanner in the resonance mode can be estimated as follows.
The electromechanical coupling constant kem can be computed
from the design of the driving coils and the location of the mag-
net and is determined to be kem = 3.7 mN/A. Measurements
on the maximum allowed current through the driving coils such
that the temperature in the coils remains below 70 ◦C is found
to be 0.42 A. To include a safety margin, we limited the maxi-
mum current to Imax = 0.35 A in our system. Finally, the quality
factor Q (i.e., the amount of underdamping of the resonator) is
designed to be larger than 50. From these parameters, the FOV
which is defined by

FOV res = kem Imax

πb fres
, (5)

with the damping coefficient b given by

b =
√

km

Q
, (6)

where k is the stiffness, m the distributed mass, and Q is the qual-
ity factor, yielding FOVres = 3.46 mm. For a typical required
FOV of 0.2 mm, the system has sufficient tolerance to cope for
instance with manufacturing errors. This large FOV at resonant
scanning shows that with nonresonant scanning, a significant
FOV can still be achieved. For example, if the scanning is per-
formed with a very low frequency, the field of view FOVnon is
then given by

FOV non = 2
kem Imax

k
. (7)

For our given parameters, Eq. (7) yields a prediction of
FOVnon = 69 μm.

2.3 Electronic Design
In order to estimate the position of the fiber tip in real-time
during scanning, we let the current through x- and y-coils, Ix and
Iy, consist of driving currents and sensing currents: Ix = Idx + Isx

and Iy = Idy + Isy (see Fig. 3). The sensing currents are
high-frequency sinusoidal signals with zero DC components.
Their frequencies are much higher than the angular scanning
frequency, so that they have a negligible effect on the lens
displacement. Furthermore, the frequencies of the Isx and Isy

signals differ from each other in order to independently measure
positions of the lens in x- and y-directions. The sensing currents
Isx and Isy induce currents Iix and Iiy in the sensing coil, respec-
tively [see Fig. 2(a)]. The amplitude of the induced current Iix

(Iiy) represents the difference between the currents induced by
the x- (y-) coil pairs. When the sensing coil is at the center of
the x- (y-) coil pairs, the induced current Iix (Iiy) is zero. Fur-
thermore, the amplitudes of these induced currents are linearly
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Fig. 4 (a) Computed facet reflectivity and (b) fraction of power captured by the entrance pupil of the objective as a function of polishing angle of
the fiber facet in the scanner. In the computations, a step-index quartz fiber with a core radius of 2.32 μm and an NA of 0.13 has been assumed,
with λ = 785 nm. The objective lens parameters are described in Sec. 2.1.

dependent on the displacements of the measurement coil for
the relevant displacements encountered in the scanner system.

In order to obtain the amplitudes of Iix and Iiy, the signal
from the sensing coil is independently multiplied by Isx and Isy,
respectively, and then filtered with a low pass filter. This de-
modulation method (i.e., the method of synchronous detection)
allows for the simultaneous detection of the x- and y- positions
of the sensing coil. Finally, a proportional-integral-derivative
controller (PID controller) has been implemented in the control
unit (see Fig. 3) to control the position of the lens.

2.4 Console Optics Design
The light source is a superluminescent light-emitting diode
(EXALOSl, EXS8010-2411), coupled into single-mode fiber
(SM800-5.6-125). It has a spectrum of ∼25 nm width [full
width at half maximum (FWHM)], centered at 785 nm and a
maximum output power of 5 mW. A light source with short co-
herence length was chosen to prevent interference fringes that
result from interference between the light reflected by the sam-
ple and the (unwanted) light reflected by the polished face of the
fiber inside the scanner.

To reduce its reflectivity, the fiber face is polished at an angle.
This introduces a linear phase variation over the mode reflected
at the facet, greatly reducing the efficiency with which it couples
back into the fiber. Also, due to refraction, the far-field pattern
of the fiber mode shifts over the entrance pupil of the objective
lens and the amount of light captured by the lens and focused
onto the sample is diminished. The results of model calculations
for a representative step-index fiber are displayed in Fig. 4. A
polishing angle of 5 deg has been selected, giving a reduction of
the facet reflectivity of about three orders of magnitude, while
decreasing the amount of light captured by the lens by only
about one-third.

Figure 5(a) shows the optical system utilized for polarization-
insensitive detection. A polarization-independent fiber-optical
circulator (OFR, OC-3-780-FC/APC3) was used to direct
reflected light to a detector. For samples with relatively high re-
flectivity, a large-area photoreceiver (New Focus, Model 2031)
is used, while for low-reflectivity samples, a more sensitive
avalanche photodiode module is used (Hamamatsu, C5460-01).

Figure 5(b) shows the optical system utilized for polarization-
sensitive detection. The incident light, collimated by lens L1

(part of a PAF-X-5-B FiberPort collimator module from
ThorLabs), passes through a polarizing beam splitter cube
(PBS, PSCLB-VR-780 from ThorLabs; extinction ratio
>1000:1 at the design wavelength of 780 nm) and is focused
into the polarization-maintaining scanner fiber (Nufern, PM-
780-HP). A λ/2 waveplate provides some control over the
polarization of the light incident on the PBS; it can be rotated to
maximize the amount of light incident on the sample. The λ/4
waveplate between the PBS and the PM scanner fiber determines
which polarization component of the reflected light was directed
by the PBS toward the detector. When the axes of the λ/4
waveplate are parallel to those of the PBS, only cross-polarized
light is detected; light of parallel polarization is included when
the waveplate is rotated (however, also the light reflected by the
fiber facet will then be detected to a larger degree).

To convert the intensities measured during the spiral scanning
into an image, we proceeded as follows. The image on the screen
was divided into equal rectangular bins onto which the segments
of the spirals were mapped. Since the angular velocity and the
pitch of the spiral movement were kept constant during scanning,
the measurement time for each bin was longer for the central
pixels than for the outer pixels. Aside from the Polar to Cartesian
map, the only image processing employed was the application
of an offset and scaling to intensities.

3 Results and Discussion
3.1 Mechanical Properties
The measured frequency response functions of the scanning
system in x- and y-direction are shown in Fig. 6, revealing a
resonance frequency of 127 Hz in the x-direction and 115 Hz
in the y-direction. These values are in close agreement with
the predicted value of 131 Hz. The electronic control system
can correct for these differences in resonant frequencies and
we selected 127 Hz as the scanning frequency. The Q-factor in
x-direction is 62 and in y-direction 47, which also agrees well
with the designed value of 50.

With the actuator, a circular FOV with a maximum diameter
of 190 μm can be imaged, see Fig. 7(a). Note that this FOV is
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Fig. 5 Console optics: (a) single mode (SM) fibers setup for polarization-insensitive backscattered light imaging mode; (b): polarization-sensitive
setup with a polarization-maintaining fiber in the scanner.

determined by the space available in the housing to make the
stroke and not by the actuator. At a very low scanning speed
(i.e., nonresonant scanning), it is possible to scan an area with a
diameter of 69 μm as shown in Fig. 7(b). The nonresonant scan
width agrees very well with our predicted value.

3.2 Optical Resolution
The resolution that can be obtained by the fiber scanner system
depends on the objective lens pupil filling. When we overfill
the pupil of the objective lens, the spot width is given by the
Airy distribution having a FWHM of the intensity in the lateral
direction of �x = 0.51λ/NA, under the assumption that aber-
rations are negligible. At a center wavelength of 780 nm and
NA of 0.68, that formula predicts a transverse resolution �x of
0.59 μm. In practice, however, the pupil filling will exhibit a
distribution that is approximately Gaussian with a rim intensity
that depends on the choice of the fiber used in the scanner and
the distance of the fiber end to the objective lens.

The lateral resolution was measured with a reflective edge in
the focal plane of the objective. Under the assumption that the
spot has a Gaussian spatial distribution, the FWHM of the lateral
distribution can be approximated by 0.92 times the 10–90% edge
width.23, 24 Figure 8(a) shows that this FWHM is 0.60 μm at a
wavelength of 780 nm. To experimentally determine the axial
resolution, the detector intensity was measured when moving a
plane mirror surface through the object focal plane. As shown
in Fig. 8(b), the measured FWHM was 7.4 μm.

3.3 Imaging
The image contrast that can be achieved depends on the optical
throughput of the fiber-objective system, as well as on the opti-
cal modality employed to generate optical contrast in the tissue.
As a fraction of the light intensity that was coupled into fiber
from the source, the light intensity that reached the focal point
was measured to be 0.34 for polarization-insensitive detection.
This throughput is consistent with the calculated value shown

Fig. 6 Measured frequency response functions (position divided by the applied current) of the electromagnetic actuator in (a) x- and (b) y-scanning
direction.
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Fig. 7 Images of a Richardson microscope test slide (Ref. 25) made with the scanning fiber microscope at various scanning speeds: FOV of
(a) 190 μm obtained in 1.2 s and (b) 69 μm obtained in 15 s.

in Fig. 4(b). It is determined by the fiber numerical aperture, the
fiber-objective lens distance, the entrance pupil of the objective,
and the losses in the objective lens system. In order to allow
for the possibility of integrating different types of fibers with
smaller numerical apertures than that of the polarization insen-
sitive fiber used in this study, there was substantial overfilling of
the objective.

To demonstrate the potential of the scanner, we present sev-
eral images of tissue samples for the polarization-insensitive and
polarization-sensitive detection.

In Fig. 9, images taken of ex vivo tissues with the scan-
ning fiber microscope with polarization-insensitive detection are
shown. Figure 9(a) shows a zoomed-in image of the Richardson
microscope test slide25 with a 50 μm FOV. Figure 9(b) shows
an image of an ex vivo pig bronchus wall with 120 μm FOV, in
which contrast likely derived primarily from of ex vivo tissues
collagen fibers.

In Fig. 10, images taken of ex vivo tissue with the scan-
ning fiber microscope with polarization-sensitive detection are
shown. Each image had a FOV of 190 μm and was constructed
with 150 spirals so that the acquisition time was 1.2 s. Figure
10(a) shows an image of a rat skeletal muscle with the micro-
scope positioned in a rigid stand during the acquisition, in which
striations are clearly apparent. In Fig. 10(b), the same tissue re-

gion shown in Fig. 10(a) was targeted, but in these cases the
scanner was held by hand during acquisition without a rigid
stand. The striations remained visible, which demonstrates that
our microscope is relatively insensitive to the confounding ef-
fects of hand motion. Figure 10(c) shows an image of a rat
hair with the texture of the outermost layer of the hair shaft
(cuticle layer) clearly visible. Figure 10(d) shows an image of
the inner surface of a mouse artery. In this image, the regions
of high reflectance likely correspond to collagen fibers. Figure
10(e) shows a similar image of the artery wall with imaging
performed at a different depth. In this image, fine structures
that may correspond to elastin fibers are apparent. Figure 10(f)
shows an image of a rat liver treated with 5% acetic acid, with
areas of the nuclei of liver cells likely manifesting as regions of
high reflectivity.

3.4 Discussion
In the current design, the outer diameter of the scanner is
3 mm. We estimate that downscaling the scanner to approxi-
mately 2 mm can be done with the same performance. Smaller
dimensions become challenging, however, because manufac-
turing a small sized electromagnetic motor that can deliver
a sufficient force is difficult at these scales. Furthermore,
3-dimensional imaging can be realized in the scanner by adding

Fig. 8 The measured intensity on the detector when (a) moving an edge of a mirror in the lateral direction along the focal plane (i.e., edge response)
and (b) moving a plane mirror surface through the object focal plane of the fiber scanner.
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Fig. 9 Images acquired with the scanning fiber microscope and using the backscattered light imaging modality [see Fig. 4(a)]: (a) an image of the
Richardson microscope test slide with 50 μm FOV, (b) pig bronchus wall with 120 μm FOV where collagen present in the inner bronchus wall can
be seen.

an actuator in the connection between the fiber housing and
the microscope housing. Most of the fiber scanners reported in
literature have scanning speeds above 2.5 frames per second
(fps). Our current scanner design achieves a frame rate of 1
fps, which we showed to be sufficient to obtain well-resolved
microscopic images when the scanner is held by hand while in
contact with the tissue. Higher frame rates with the same spatial
resolution could be achieved with our design (for instance by
reducing the length of the fiber housing), but this would limit the
FOV that can be achieved in the nonresonant mode. The current

optical design, in which the lens is attached to the fiber, allows
high numerical apertures to be realized. Numerical apertures
of 0.85 for single objectives smaller than 1 mm pupil diameter
have been reported in Ref. 20. The achievable numerical aper-
ture for fixed entrance pupil diameter is limited by the required
free working distance. When the objective lens is attached to
the fiber, an additional exit window is required, which reduces
the free working distance by approximately 75 μm compared
to fiber scanners in which the objective fixed to the microscope
housing. The resolution achieved across the FOV is determined

Fig. 10 Images acquired with the scanning fiber microscope using the polarization-sensitive reflectance optical modality [see Fig. 4(b)] with a FOV
of 190 μm; (a) rat skeletal muscle with microscope in holder during image acquisition, (b) same as (a) but with microscope held with hand during
image acquisition, (c) image of a rat hair, (d) image of a mouse artery where the white structures are likely the collagen fibers present in the artery
wall, (e) image of a mouse artery where the white structures are likely elastin fibers present in the artery and (f) image of a rat liver treated with 5%
acetic acid where the white areas are likely the nuclei of the liver cells.
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by the numerical aperture as well as the lens aberrations. For the
objective attached to the fiber, the lens system is used only on-
axis, resulting in a constant resolution throughout the FOV. This
allows for a simple lens design, as compared to lens systems
that are fixed to the microscope housing.

The images shown in Fig. 10 illustrate the potential use of
the scanner in relevant biological applications. For instance the
images in Figs. 10(d) and 10(e) show that certain structures in
the blood vessels that are known to play a role in cardiovascular
disease (see for instance Ref. 26) can be visualized, while Fig.
10(f) reveals structures that are relevant to determine diseased
tissues in the field of oncology.

4 Conclusions
The design and implementation of a high-resolution fiber-
scanning confocal microscope with an outer diameter of 3 mm
were presented. The images obtained from biological tissue
demonstrate that microscopic-level imaging can be achieved
even with the microscope held by hand. Further studies are re-
quired to determine the potential of this microscope to provide
information relevant for real-time disease diagnosis. The mi-
croscope design allows for many different microscopic imaging
modalities to be readily implemented, making it a powerful tool
for many different clinical contexts.
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