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The most important optical component in an optical fiber endoscope is its objective lens. To achieve a high
imaging performance level, the development of an ultra-compact objective lens is thus the key to an ultra-thin
optical fiber endoscope. In this work, we use femtosecond laser 3D printing to develop a series of micro objective
lenses with different optical designs. The imaging resolution and field-of-view performances of these printed

micro objective lenses are investigated via both simulations and experiments. For the first time, multiple micro
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objective lenses with different fields of view are printed on the end face of a single imaging optical fiber, thus
realizing the perfect integration of an optical fiber and objective lenses. This work demonstrates the considerable
potential of femtosecond laser 3D printing in the fabrication of micro-optical systems and provides a reliable
solution for the development of an ultrathin fiber endoscope.

1. Introduction

The endoscope is a common image-based inspection instrument. An
endoscope can enter a narrow channel to observe the internal status
of a specific structure under test. In the medical field, doctors can ob-
serve the morphological and pathological changes in human body cav-
ities and internal organs using an endoscope [1,2], and the endoscope
has been used widely in clinical scenarios such as examinations [3] and
minimally invasive surgery [4]. In the industrial field, endoscopes have
been widely used in pipeline detection [5], aerospace [6], artificial in-
telligence [7], and other applications. As a result of rapid developments
in micro/nano machining technology, the size of a typical endoscope
has been reduced greatly, but current endoscopes still cannot fully meet
the endoscopic imaging requirements for certain ultra-thin pipes used
in medical and industrial applications. Researchers have been develop-
ing innovative methods of how to reduce the size of the endoscopes
while maintaining the required imaging quality in different applica-
tions [8,9]. Several micromachining technologies are commonly used in
the micro-optics field, including diamond turning [10], ultra-precision
milling [11], ultra-precision polishing [12], magnetorheological polish-
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ing [13], and ion beam polishing [14]. Although these technologies have
sufficient high machining precision, they cannot be used to fabricate
micro multi-lens systems. Therefore, the development of a new method
for micro-optics micromachining and precision assembly has major re-
search value.

Femtosecond laser-induced two-photon polymerization (TPP) is an
optical additive micromachining method that has achieved the highest
reported accuracy to date [15], and TPP has been used widely in mi-
cro/nanophotonics [16], microelectromechanical systems (MEMS) [17],
and microfluidics [18]. Since the probability of occurrence of TPP is di-
rectly proportional to the square of the photon density [19], this nonlin-
ear threshold effect can limit the polymerization effect to a tiny region,
and can even break the Abbe diffraction limit. The printed feature size
can thus reach 100 nm or less [20-23]. At present, many research groups
are working on the TPP printing of micro-optical systems, including mi-
crolens arrays [24], optical phase plates [25-27], fiber gratings [28-301,
fiber couplers [31,32], and fiber interferometers [33-36]. More interest-
ingly, TPP can be used to fabricate complex freeform optics with high
quality [32,37,38], and can even be used to add air gaps accurately to
enable the fabrication of microlens groups [39-41]. Dietrich et al. devel-
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Fig. 1. Optical designs of micro objective lenses after optimization in Zemax. The red marks indicate the entrance pupil of these four micro objective lenses.
The yellow lines indicate the position of image plane. (scale bar: 100 xm). (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Table 1
Parameters of the micro objective lenses.

FOV F-number Focal length Image plane diameter
20° 2 200 ym 69.7 ym
30° 1.67 167 ym 90.2 ym
40° 1.1 110 ym 80.5 ym
50 0.95 95 um 90.0 ym

oped a series of beam shaping elements composed of multiple lenses and
achieved extremely high coupling efficiency [40]. Thiele et al. [41] used
TPP to print microlens groups on a CMOS chip and realized the visual
effect of the fovea. When compared with traditional lens fabrication
methods, TPP offers great micromachining flexibility and can realize di-
rect integration of multiple microlenses to resolve assembly problems.
In this work, we use TPP to print a series of micro objective lenses and
investigate the morphology and imaging performances of these lenses,
which are highly consistent with the simulation results. Ultimately, four
micro objective lenses with different fields of view (FOVs) are printed
and integrated on the end face of a single imaging fiber for the first
time to achieve simultaneous endoscopic imaging. This work thus pro-
vides a reliable solution for the development of ultrathin optical fiber
endoscopes.

2. Lens design and fabrication
2.1. Optical design

The Sequential mode of Zemax commercial optical design software
was used to simulate and optimize the micro objective lenses for en-
doscopy applications in this work. The optical design diagram of micro
objective lenses is shown in Fig. 1, where the blue, green, and orange
lines represent the ray tracing in the different FOVs. The four objective
lenses all use a doublet lens structure. The entrance pupil of the lens
group is designed to occur at the first lens, and thus limits the angle
of the imaging beam. This approach ensures that all light that passes
through the second lens is received by the first lens, minimizing the im-
pact of any light that passes directly through the second lens and onto
the final image. The diameter of the entrance pupil for the four objective
lenses is set at 100 pm, and the image plane is in the form of a circle
with a diameter of less than 100 ym. Detailed parameters for the four
objective lenses are listed in Table 1. Considering the dimensional error
that may occur during fabrication, a margin of 2% is added to each edge
of each lens, but this adjustment will result to a slight increase of less
than 2 um in the size of the entrance pupil.

In terms of aberration control, narrow-band light illumination within
the wavelength range of 550 + 10 nm is used to reduce the effects of
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chromatic aberration. In addition to chromatic aberration, the objective
lens is required to correct all monochromatic aberrations, including de-
focusing, spherical aberrations, coma, astigmatism, field curvature, and
distortion. Because the fabrication method imposes no restrictions on
the surface shape of the lens, the surface of the objective lens is set to be
a high-order and even-order asphere, which can be expressed as shown
in Eq. 1:

Z(r)=ay+ (1)

ey,
VIt han &~
Here, Z(r) is the sag, which is the z-component of the surface displace-
ment from the vertex; r is the radial ray coordinate in lens units; c is
the fundamental curvature at the vertex; k is the conic constant; «; de-
scribes the surface deviation from the axially symmetric quadric surface
specified by ¢ and k. «; and k provide additional degrees of freedom
to compensate for the aberrations when compared with the spherical
surface typically used in conventional lens design. A 10-order even as-
pherical surface is used in this work.

After optimization, the ultimate designs can effectively eliminate
most monochromatic aberrations. Among all the monochromatic aber-
rations, field curvature and distortion are two important aberrations
that should be taken into consideration in the design of micro objec-
tive lenses, but both aberrations have a strong dependence on the FOV.
The field curvature is proportional to the square of the FOV, and the
distortion is proportional to the third power of the FOV. Therefore, for
an optical system with a large FOV, these two aberrations are very diffi-
cult to correct. However, through the aspheric lens design, the distortion
is well controlled to within 3% and the field curvature is controlled to
within 5 ym here (Fig. S1). The spot diagrams in Fig. S1 indicated the
diffraction-limited performance (with a Strehl ratio of > 0.8) of most
micro objective lenses with different FOVs.

2.2. Lens fabrication

Based on the lens data exported from the optical design, a 3D model
of the objective lens was drawn using computer-aided design (CAD) soft-
ware, and it was noted that a development channel should be reserved
in the lens model. The designed 3D model was then first printed on a
glass slide coated with indium tin oxide (ITO) via TPP. The TPP 3D print-
ing system developed by our laboratory, used a layer-by-layer scanning
strategy (Fig. S2). The slicing layer spacing and the line spacing were set
to 0.2 um and 0.3 um, respectively. The femtosecond laser used in this
step had a central wavelength of 780 nm, a pulse width of 100 fs, and
a repetition rate of 80 MHz. The femtosecond laser pulses were focused
using a 25 X oil immersion objective with a numerical aperture (NA) of
0.8. The fabrication resolution of the TPP 3D printing system in X, Y,
and Z directions can reach 100 nm, 100 nm, and 300 nm, respectively
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Fig. 2. Scanning electron microscope (SEM) images of the 3D printed micro objective lenses. (a) Overall views of the 3D printed micro objective lenses. From
left to right, the images show the micro objective lenses with FOVs of 20°, 30°, 40°, and 50° (scale bars: 50 ym). (b) Corresponding 90° section views of the printed
objective lenses shown in part (a) (scale bars: 50 ym). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

[30]. The processing precision of TPP is strongly related to laser pulse
energy and scanning speed. Under the optimization of laser pulse energy
(0.2 nJ) and scanning speed (50 mm/s), an ideal manufacturing result is
obtained. (Fig. S3). Material dispersion is another important parameter
in the design of high-quality optical systems. Since our endoscope objec-
tive lens was printed with a single type of photoresist, chromatic aber-
rations such as the longitudinal and transverse chromatic aberrations
cannot be corrected effectively. To reduce the effects of these chromatic
aberrations as far as possible, the IP-S photoresist (Nanoscribe GmbH,
Germany) (nsgg,, = 1.5067, v = 46.16) [42] with low dispersion was
selected for the TPP printing step. The printing time for each designed
endoscope objective was approximately 15 min. After printing, the sam-
ple was immersed in propylene glycol methyl ether acetate (PGMEA) for
15 min to remove any uncured photoresist and was then soaked in iso-
propanol for 3 min to remove the remaining PGMEA. Finally, the sample
was extracted from the isopropanol and the designed endoscope objec-
tive was obtained after the isopropanol had been volatilized completely.

3. Results and discussion

Scanning electron microscope (SEM) images of the fabricated micro
objective lenses with FOVs of 20°, 30°, 40°, and 50° are shown in Fig. 2.
Each micro objective lens has an equally spaced support structure to en-
sure that air separation is maintained between the lenses. These support
structures are approximately 20 ym thick. As shown in Fig. 2, each micro
objective lens has a relatively smooth surface, but some micromorpho-
logical features that resulted from the layer-by-layer printing process
can still be observed. In particular, in the areas where the curvature
changes sharply, e.g., the lens top, this morphology is more obvious. The
presence of these features can be explained by the limited slicing layer
spacing used in the printing process. To illustrate the internal structures
of the micro objective lenses more clearly, Fig. 2b shows the correspond-
ing 90° sections of each of the micro objective lenses. Both the surface
shapes and the spacing of the air gaps are well presented.

To characterize the morphologies of the printed lenses quantita-
tively, a white-light interferometer (Atometrics, EX230) was used to
measure the surface topography of each lens. The measurement result
was then compared with the designed topography. Fig. 3a shows the
designed 10-order even aspherical surface, where the curvature radius
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of the aspherical surface is 88.6 ym. Fig. 3b shows the topography of
the printed lens measured by optical interferometry, where the curva-
ture radius obtained by fitting is 87.2 ym. The root mean square (RMS)
error between the designed and measured results is calculated to be
349 nm. This dimensional error is mainly caused by the layer-by-layer
printing process, and by subsequent structural shrinkage or deformation
during the development process. The fundamental factors causing these
errors are the laser power used, the scanning speed, the surface tension
of the photoresist, and the volatilization process. Therefore, the fabrica-
tion parameters listed above must be optimized repeatedly to improve
the printing quality.

The imaging performances of the printed lenses were also investi-
gated. The experimental setup is illustrated in Fig. 4a. The test chart was
illuminated by a light-emitting diode (LED) plane light source from the
rear. The printed micro objective lens was placed approximately 20 mm
away from the test chart. The image of the test chart was then observed
using a microscopic imaging system, which consisted of an objective
with an NA of 0.42, a tube lens, a bandpass filter for the 550 + 10 nm
range, and a charge-coupled device (CCD) camera. Fig. 4b shows the two
test charts used in the experiments. The top image shows a customized
FOV test chart consisting of concentric rings drawn at an azimuthal an-
gle separation for a 10°FOV. The other chart (bottom image) is the 1951
USAF resolution test chart (Thorlabs).

The principle for the FOV test can be expressed using Eq. 2:

FOV = 2arctan(r/I) @)

where r is the radius of the FOV, and [ is the object distance of 20 mm
used in the tests. The results of the FOV tests are shown in Fig. 5a, where
two, three, four, and five concentric rings can be observed clearly from
the four printed micro objective lenses corresponding to the FOVs of
20°, 30°, 40°, and 50°, respectively. Since the micro objective lens is
printed in one piece, its support structure is composed of the same poly-
mer material used to form the lens. As a result, the micro objective lens
contains no light-blocking structures and has good light transmission
performance. But this also means that the structure would be affected
by stray light. To analyze the effects of stray light, the 3D printing model
was imported into the Non-Sequential mode of the Zemax software to
perform a simulated imaging analysis. The simulation results are shown
in Fig. 5b, which are roughly consistent with the corresponding exper-
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Fig. 4. Micro objective lens imaging testing system. (a) Schematic diagram of the imaging testing system. (b) Customized FOV test chart (top) and 1951 USAF

resolution test chart (bottom).

imental results. The slight difference between simulations and real ex-
periments resulted from the fact that the micro objective lenses are de-
signed with infinite object distance, while the object distance is finite
in real imaging. The above results verified that complex optical designs
can be realized well by the TPP process.

Resolution is another important parameter for objective lenses. Fig. 6
shows the result of resolution tests performed using the 1951 USAF res-
olution chart. Although a narrow-band filter was used, this optical sys-
tem still had a certain level of chromatic aberration, and thus the images
have slightly blurred edges rather than sharp edges. Fig. 6a shows the
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image of the resolution chart acquired using an objective lens with a
FOV of 20°. It could be seen that the limited resolution element was
the element 2 in group 2, achieving a resolving power of 4.49 lp/mm,
and this power corresponded to a line width of 111.36 ym and azimuth
resolution of 19’8” (The calculation method of line width and azimuth
resolution is discussed in the Supplementary Information). Fig. 6b-d
show the imaging results acquired using the objective lenses with FOVs
of 30°, 40°, and 50°, where azimuth resolutions of 21’29” (element 1 of
group 2), 30"23” (element 4 of group 1), and 34’6” (element 3 of group
1) were achieved, respectively.
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FOV test chart (scale bars: 50 ym). (b) Simulated images of the micro objective lenses (scale bars: 20 ym).

Fig. 6. Resolution measurement results for the micro objective lenses. The red line frames the limit resolution elements. (a) FOV = 20°. (b) FOV = 30°. (c)
FOV = 40°. (d) FOV = 50° (scale bars: 50 ym). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

The modulation transfer function (MTF) provides a useful method to
evaluate the performance of an optical system in terms of its ability to re-
store object details. Therefore, we simulated and tested the MTF curves
of each printed objective lens. Fig. 7 shows the normalized MTF curves
for the four micro objective lenses with different FOVs, where the solid
lines represent the simulated MTF curves and the dotted lines represent
the MTF curves acquired via knife-edge measurements. These curves
show that there are some differences between the measured and simu-
lated results. One possible reason for these differences is that the layer-
by-layer printing method causes the lens surface to have a fine stepped
shape rather than a perfectly spherical shape. In addition, the printed
lens will shrink unevenly and uncontrollably during the development
process. Although there are certain observable differences between the
measurements and the simulations, these results still demonstrate the
satisfactory imaging quality of the lenses. Modulation regimes of higher
than 10% were demonstrated at frequencies of less than 450 lp/mm.

Finally, the micro objective lenses were printed onto the end face
of an imaging fiber to realize the microendoscopic application of the
lenses. The imaging fiber has an external diameter of 700 ym, an effec-
tive imaging area with a diameter of 460 ym, and 12,000 cores with the
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same diameter of 4 um. The interval between adjacent cores is 1 ym. To
match the fiber specifications, we redesigned the micro objective lenses,
and the design diagram was shown in Fig. 8a. To distinguish between
the imaging effects of the endoscope objectives with the different FOVs,
we fixed the image plane size and the aperture size of the objective at
100 ym and 120 pm, respectively.

The experimental setup used to test the fiber endoscope is shown in
Fig. 8b. At the output end of the imaging fiber, a microscope objective
lens (50x, NA = 0.42) was used to enlarge the images from the fiber for
input to a CCD camera. Fig. 8c shows the picture of printed objective
lenses on the fiber end face. The four micro objective lenses formed a
square array. The image plane diameter for each micro objective lens
was approximately 100 ym, each covering approximately 700 pixels of
the imaging fiber. Fig. 8d shows the imaging results obtained from the
fiber endoscope under transmitted light illumination; images of the el-
ement 2 from group O in the resolution chart can be observed clearly,
and larger areas can be seen through the lenses with larger FOVs, but
the image resolution also decreases accordingly. Since most endoscopic
imaging applications use reflected light illumination, we also investi-
gated the imaging performance of the fiber endoscope under reflected
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Fig. 7. Simulated and measured MTFs of the four micro objective lenses. (a) FOV = 20°. (b) FOV = 30°. (c) FOV = 40°. (d) FOV = 50°.

light illumination conditions (Fig. S4). Fig. 8e shows the results of imag-
ing of adult fingers under reflected light illumination, in which the con-
tours and postures of the fingers can be observed. All the above results
have demonstrated that multiple objectives with different FOVs are well
integrated on the end face of the imaging fiber. The objective lens with
the largest FOV can be used to locate the observed object, and the other
lenses with smaller FOVs can be used for fine imaging. However, the
imaging quality of the fiber endoscope is not satisfying at this stage.
There are two main factors affecting the imaging quality of fiber en-
doscopes. One factor is the resolution of the objectives which directly
determines the image quality received by the fiber. The other factor is
the intrinsic parameter of the imaging fiber such as the diameter and
density of fiber cores. For optical fiber endoscopes, the image plane size
of the objective lens on the end of the optical fiber should be designed as
large as possible if there is sufficient space. In this way, a single objec-
tive could cover more fiber cores. Increasing the density of fiber cores
on the imaging fiber is another approach, while the size of the imaging
plane of the objective lens remains the same. As a result, the imaging
quality of optical fiber endoscopes is enhanced owing to higher pixels
of one image transmitted by the imaging fiber. Thus, in the ultrathin
endoscopy imaging, in which the imaging fiber with an extremely small
diameter is needed, we could choose an imaging fiber with high-density
fiber cores. In applications where the diameter of the imaging fiber is
not strictly required, larger imaging fibers can be selected because they
contain more pixels.
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In comparison, the imaging quality of commercial electronic en-
doscopes is much better than that of optical fiber endoscopes since
the receiver of the electronic endoscope is a CMOS chip that has
more pixels in a small image plane than the imaging fiber. There-
fore, even though the objective lens printed by the TPP printing sys-
tem can achieve high resolution, the resolution of ultimate imaging is
relatively poor due to the limited number of fiber cores covered by
a single objective lens. However, the ultrathin fiber endoscopes fab-
ricated in our work, if being used in clinic, could identify lesions in
narrow apertures or cracks, allowing doctors to examine or treat very
small organs or body parts in a minimally invasive manner. In our
further work, we would employ an imaging fiber with much denser
fiber cores for fabricating fiber endoscopes to obtain better imaging
quality.

4. Conclusion

In this work, we have successfully prepared a series of micro ob-
jective lenses with different FOVs for fiber endoscopic imaging appli-
cations by TPP. This nanoscale printing method can realize complex
micro-optical systems perfectly, including aspheric structures. The mi-
cro objective lenses prepared by this method demonstrated acceptable
imaging performances and thus offer a new approach for the realiza-
tion of ultrathin fiber endoscopes. Next, we intend to conduct in-depth
research into microlens design optimization and functional regulation
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Fig. 8. Four micro objective lenses printed directly on an imaging fiber. (a) The optical design of micro objective lenses as optimized in Zemax (scale bar:
100 pm). (b) The imaging test system used for fiber endoscope. (c) Optical microscope image of the printed micro objective lenses on the fiber end (scale bar:
400 um). (d) Resolution chart images acquired by fiber endoscope under transmitted light illumination. The diagram on the lower left shows the picture of the object
observed (scale bar: 100 ym). (e) Adult finger images acquired by fiber endoscope under reflected light illumination. The diagram on the lower left shows the picture

of the object observed (scale bars: 100 ym).

of the photoresist materials with the aim of realizing a fiber-endoscope
objective with a zoom function and promoting the application of micro-
optical systems.
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