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Abstract— Miniature rotation actuators have been extensively
developed and utilized in optical coherence tomography (OCT)
endoscopy, enabling distortion-free OCT imaging in complex
and tortuous environments. However, the use of electrical-
driven rotation actuators raises safety concerns. Although
magnetic-driven rotation actuators have been reported in OCT
endoscopy, their use can potentially interfere with other medical
devices in clinical settings. Here, we propose a pneumatic
miniature rotation actuator that eliminates the electricity and
magnetism concerns in circumferential imaging for OCT en-
doscopy. The rotor of the actuator is designed as a windmill,
enabling it to convert air energy into rotation energy. In
addition, to maintain the stable rotation, both a sliding bearing
with two supporting points and a glass spindle with a half-
ball end surface are developed. The rotation speed of our
pneumatic actuator can be controlled from 66 to 97 revolutions
per second by adjusting the airflow rate from 3.25 to 4.00
liters per minute. By OCT imaging of the human fingers,
we demonstrate the feasibility of the pneumatic actuator in
electricity-free distal scanning OCT endoscopy. Our pneumatic
rotation actuator has wide-ranging potential in various fiber-
imaging modalities, including not only OCT but also ultrasound
imaging that requires similar rotation capabilities.

I. INTRODUCTION

Endoscopic optical coherence tomography (OCT) is a non-
invasive, non-label, and high-resolution imaging technology
for in vivo visualization of internal luminal organs [1]–
[5]. It has been demonstrated for a wide range of clinical
applications such as disease diagnosis and screening where
traditional biopsy suffers from sampling error or risk of
complications [6]–[10]. As a prime example, intravascular
OCT offers high-resolution diagnostic images during percu-
taneous coronary intervention, resulting in improved clinical
outcomes [11].

Currently, there are two methods, namely proximal scan-
ning [2] and distal scanning [12], that enable OCT endo-
scopes to achieve circumferential imaging in internal luminal
organs. Proximal scanning OCT endoscopy is achieved by
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Fig. 1. Schematic of OCT imaging probe based on pneumatic miniature
rotation actuator.

employing a rotation mechanism near the proximal end of
the OCT imaging probe to drive the distal circumferential
scanning of the probe through a torque coil. However, this
approach is susceptible to the nonuniform rotation of torque
coil in tortuous lumens, such as cardiovascular and bronchi,
resulting in distortions in OCT images [13], [14]. In contrast,
the distal scanning OCT endoscopy has better stability in the
circumferential scanning for tortuous environments due to the
miniature rotation mechanism directly installed on the distal
end of the imaging probe [15].

In recent years, interest has increased significantly in the
development of miniature rotation mechanisms to achieve
the distal circumferential scanning of OCT probes [16]. For
example, Wang, et al. proposed a high-speed synchronous
micromotor for intravascular OCT imaging [17]. Further-
more, a miniature piezoelectric-driven rotation actuator was
designed to conduct distortion-free OCT imaging in tortuous
vessels [14]. However, these designs raise the safety concern
of electrical aspects, which hinders their practical application
in clinical settings. To address the safety concern, Wang,
et al. introduced a solution by developing a miniature rotator
that utilizes an externally-actuated small magnet. However,
the magnetic-driven actuator is susceptible to variations in
distance between the external driver and the driven minia-
ture magnet [18]–[21]. Additionally, magnetic systems can
interfere with other medical devices in clinical settings, such
as magnetic resonance imaging (MRI).

Here, we propose a pneumatic miniature rotation actuator
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Fig. 2. Schematic of pneumatic miniature rotation actuator.

to perform electricity-free distal circumferential scanning
in OCT endoscopy. As shown in Fig. 1, the rotor of the
pneumatic actuator is designed as a windmill driven by
the tube airflow inspired by the mechanism of the wind
turbine. To ensure rotational stability, we fabricate a glass
spindle with a half-sphere at one end to minimize friction.
Meanwhile, another end of the spindle is designed as a
reflector for OCT endoscopy. A sliding bearing with two
supports is incorporated to reduce vibrations. The circum-
ferential scanning speed of an OCT probe based on our
pneumatic actuator can be controlled at the range of 66 to 97
revolutions per second (rps) by regulating the airflow rate.
Moreover, the speed fluctuation is less than 1.3% by bending
and swaying the OCT probe to mimic the turns and motions
of luminal organs. To verify the feasibility of our pneumatic
actuator in OCT endoscopy, we conduct high-resolution OCT
imaging of the human finger. The results demonstrate that
the pneumatic rotation actuator has excellent potential to
replace the electric-driven distal scanning mechanism for
stable circumferential imaging without safety concerns of
electricity in OCT endoscopy.

The rest of this paper is organized as follows. Section II
introduces the design of the miniature pneumatic actuator and
corresponding OCT imaging probe. The experimental results,
including rotation speed test and human finger imaging, are
described in Section III. Finally, the paper is concluded in
Section IV.

II. DESIGN

A. Pneumatic Actuator Design

The pneumatic miniature actuator consists of a rotor, a
spindle, a bearing and a tube, as shown in Fig. 2. The actuator
is activated by using the tube airflow to drive the rotor. To
efficiently convert wind energy into rotational energy, the
rotor is designed in the form of a windmill. The wind energy
(P ) can be expressed as a sum of its kinetic energy [22]:

P =
1

2
ρAv3 , (1)

where ρ is the air density, A is the area swept by the rotor
and v is the air velocity. The rotational energy (Pm) can be
determined by [23]

Pm =
1

2
CP ρAv3 , (2)

Fig. 3. (a) Disk model of energy conversion between wind energy and
rotational energy of the windmill. (b) Theoretical power coefficient CP

versus axial interference factor a.

where CP is the energy coefficient determined mainly by
blade profile (cross-section of a blade) and blade number.
Utilizing the one-dimensional momentum model [24], the
rotor can be simplified as a disk in a tube, as shown in Fig.
3(a). Therefore, the energy coefficient is given by [25]

CP = 4a(1− a)2 , (3)

where a = 1−u0/v is called the axial interference factor, and
u0 indicates the axial velocity in the rotor disk. As shown in
Fig. 3(b), the maximum convertible energy (CP,max ≈ 0.59
where a ≈ 0.33) is calculated by differentiating the energy
coefficient CP with respect to the axial interference factor a,
that is, up to 59% of the kinetic energy converted in a fluid
tube can be obtained to useful work by the rotor disk.

1) Rotor: To achieve optimal rotation performance, the
rotor is specifically designed with a focus on the blade profile
and number. A typical profile (USA 25 AIRFOIL, see Fig.
4(a)) is employed to further determine its angle of attack (α)
and fabricate the rotor (see Fig. 4(b)). As shown in Fig. 4(a),
the wind force acting on the blade profile can be decomposed
as the lift force (l) and drag force (d). Generally, lift and drag
coefficients (Cl and Cd) are defined as [26]

Cl(α,Re) =
l

1
2ρv

2c
, (4)

Cd(α,Re) =
d

1
2ρv

2c
, (5)

where Re is the Reynolds number based on the chord length
(c) and the air velocity as follows

Re =
cv

u
, (6)

where u is the kinematic viscosity. Cl and Cd are functions
of α, c, u and v. The angle of attack can be optimized by
reasonably assuming other parameters to achieve desirable
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Fig. 4. Optimization of the rotor. (a) Static analysis of USA 25 AIRFOIL.
(b) A rotor prototype based on USA 25 AIRFOIL. (c) Ratios of Cl to Cd
versus the angle of attack with a fixed chord length of 1 mm at 331, 662,
and 993 Reynolds numbers. Three Reynolds numbers correspond to 5-m/s,
10-m/s, and 15-m/s wind velocities at 1.5111E-5-m2/s kinematic viscosity
and 20 ◦C, respectively.

energy conversion, i.e., a maximum ratio of Cl to Cd.
Here, the curves of ratios of Cl to Cd versus the angle of

attack are plotted at three Reynolds numbers in QBlade by
assuming 1.5111E-5-m2/s kinematic viscosity of air and 20
◦C and fixing the 1-mm chord length, as shown in Fig. 4(c).
Therefore, the 12-degree attack angle is determined, corre-
sponding to an optimized ratio of Cl to Cd. In addition, the
blade number is determined as 15 because the wind energy
coefficient is extremely close to the theoretical maximum
value under this condition [27]. While increasing the blade
number would further approach the theoretical maximum
value of the windmill’s wind energy coefficient, it would
also increase the fabrication difficulty. Finally, the length and
diameter of the rotor are determined as 1.0 mm and 1.6 mm,
respectively.

2) Spindle: Given that the actuator is used in OCT en-
doscopy, the spindle’s design serves a dual purpose. It is not
only responsible for maintaining the rotor’s rotation but also
functions as a reflector. To begin with, a cylindrical glass rod
with dimensions of 0.6 mm in diameter and 4.0 mm in length
is utilized as a blank for the spindle. The smooth surface of
the rod helps minimize friction during rotation. Then, a 53-
degree tilted plane is cut and is coated with 5-nm Cr, 100-
nm Ag, and 100-nm TiO2 by EB-600, Innovative Vacuum
Solution Co., Ltd., generating a reflector with a reflectivity
of about 91%. Finally, a half ball is fabricated at another end
of the rod by curing a drop of ultraviolet (UV) glue, as shown
in Fig. 5(a). The production of the hall ball is dependent on
the surface tension of the UV glue. When a small drop of
glue is placed on the 0-degree plane, it naturally forms a
half-ball shape. As a result, the half ball has low friction in
contact with the sliding bearing due to the low roughness of
the cured glue.

Fig. 5. Spindle and bearing designs. (a) Fabrication procedure of the
spindle. (b) Drawings of the bearing from two perspectives.

3) Bearing: The bearing is utilized to ensure the smooth
rotation of the spindle along with the rotor. Due to the
challenges in fabricating a rolling bearing in a small size, we
have chosen to utilize a sliding bearing instead. Furthermore,
utilizing only one bearing to support the spindle results in a
cantilever beam structure, leading to unstable rotation. To
address the issue of unstable rotation, a one-piece, two-
support sliding bearing is designed, as shown in Fig. 5(b).
The diameter of the supports is 0.64 mm, providing a gap
for the sliding rotation of the spindle. One of the supports
is designed as a through hole, allowing the spindle to
pass through. Another support is specifically designed to
restrict the movement of the spindle. Other through-holes
are reserved for the passage of airflow. To accommodate the
rotor, the bearing is designed with an outer diameter of 2.0
mm and a length of 3.5 mm.

B. OCT Probe Design Based on Pneumatic Actuator

To ensure the safety of our pneumatic rotation in endo-
scopic OCT, we prioritize the transportation of the airflow
and address any potential gas leakage concerns. As shown in
Fig. 1, the airflow is generated by an external air source and
pumped through the large plastic sheath. Then, it is directed
away from the small plastic sheath by changing the airflow
direction using the stopper. All connections are sealed with
the UV glue. In addition, the tube of the pneumatic actuator,
obtained by cutting off a section of transparent glass tube
(outer diameter: 2.5 mm; inner diameter: 2.0 mm), is used
as the OCT imaging window. To ensure the dexterity of the
OCT endoscope in lumens, the tube’s length is determined
to be 8 mm.

To provide sufficient space for airflow passage, the laser
beam for OCT endoscopy is transmitted by a single-mode
fiber (SMF). The fiber is spliced with a short piece of core-
less fiber (CLF) as a beam expander with a ball lens. To
maintain coaxial alignment between the ball lens and the
reflector during rotation, a supporter with a length of 1.5
mm is fabricated to secure the fiber in place. There are three
steps related to the fiber fabrication process, as shown in
Fig. 6. The CLF is first fusion-spliced to the SMF, and then
precisely cleaved to a predefined length under a microscope.
Finally, the ball lens of fiber is formed at the distal end of
the CLF by employing an electric arc fusion splicer.
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Fig. 6. Fabrication procedure. (a) Flow chart for the fabrication of a
fiber with ball lens. (b) Representative photographs corresponding to each
fabrication step of (a). All scale bars are 125 µm.

III. EXPERIMENTS

To characterize the rotation performances of our pneu-
matic actuator and validate its application feasibility in OCT
endoscopy, an OCT endoscopy system is constructed, as
shown in Fig. 7. It includes an OCT engine, a pneumatic unit,
and an OCT imaging probe based on our pneumatic actuator.
The rotor and the sliding bearing of the pneumatic actuator
are manufactured by a three-dimensional printer with the
printing resolution of ±20 µm (Micro X115, Jiangmen
Xingsheng Technology Co., Ltd.).

We employ a spectral domain OCT engine to generate
cross-sectional images of tissue [28]. It consists of a light
source (centre wavelength: 842 nm; 3-dB bandwidth: about
160 nm) (MT-850-HP, Superlum Diodes Ltd., Ireland), an
ultra-broadband 50:50 fiber coupler (TW850R5A2, Thorlabs,
USA), and an ultra-high speed spectrometer (Cobra-S 800,
Wasatch Photonics Inc., USA), which can operate at band-
width 650 - 950 nm and achieve maximum 250-kHz scanning
rate. The reference arm comprises a prism pair, a reflective
mirror, and a fiber port collimator (PAF2-A7B, Thorlabs,
USA). Unlike the proximal scanning mechanism to drive
the OCT imaging probe for circumferential tissue image
acquisition, the OCT probe based on the proposed actuator
is directly connected to the coupler port of the sample arm
by a mating sleeve.

The pneumatic unit, comprising an air compressor (storage
capacity: 30 L; maximum exhaust volume: 120 L/min; maxi-
mum pressure: 0.8 MPa) and a pressure regulator (ITV2050-
312L, SMC), is utilized to drive the proposed actuator.
The airflow rate is regulated by adjusting the flow meter
(MF-4003, LANGFAN) to control the rotation speed of the
proposed actuator. The tee pipe (inner diameter: 2 mm; outer
diameter: 4.5 mm) is used to connect the fiber and air tube.

A. Characterization of Pneumatic Actuator

According to equation (2), the rotation speed of the pneu-
matic actuator can be controlled by regulating the airflow
velocity, that is, adjusting the airflow rate can control the

Fig. 7. Schematic of endoscopy system based on the proposed pneumatic
actuator. C achromatic collimator, M mirror, PC polarization controller, PP
prism pair, MS mating sleeve, TP tee pipe, PR pressure regulator, FM flow
meter.

rotation speed in the tube because of

v =
q

S
, (7)

where q is the airflow rate and S is the cross-sectional area
of the tube. Using a laser detector, the rotation speed of our
pneumatic actuator is measured by calculating the time of
each revolution.

First, the OCT probe is stretched as shown in Fig. 8(a). In
the condition, the rotation speeds are measured at flow rates
of 4.00 L/min, 3.50 L/min and 3.25 L/min. The measurement
results demonstrate that the rotation speed increases with
the flow rate, and it can be controlled from 66 rps to 97
rps by regulating the flow rate from 3.25 L/min to 4.00
L/min. To further evaluate the rotational stability of pneu-
matic actuator, we measure the rotation speed by bending
and swaying the OCT imaging probe to mimic the turns
and motions of luminal organs, as shown in Fig. 8(b) and
(c). Under the conditions of bending angles of 30°, 60°,
and 90° with an airflow rate of 4.00 L/min, there are no
significant fluctuations in rotation speed. Compared to the
stretching condition, the fluctuation is within 1.3%. Under
the conditions of swaying frequencies of 60 Hz, 90 Hz, and
120 Hz with the airflow rate of 4.00 L/min, there are also
no significant fluctuations in speed again. The fluctuation
is within 0.9% compared to the frequency of 0 Hz. Under
the above conditions, the speed fluctuations for five minutes
are less than 7%, which is comparable with the electrically
driven motor [17]. We believe that speed stabilization is
influenced by two factors. Firstly, the shell of our pneumatic
actuator is a rigid part, which ensures the stability of airflow
through the rotor. Secondly, the integrated design of the
sliding bearing provides the condition of stable rotation.
The experimental results demonstrate that our pneumatic
actuator’s rotation speed can be controlled and remains
stable, making it suitable for application in distal scanning
OCT endoscopy.
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Fig. 8. Characterisation of rotation performance of the proposed pneumatic actuator. (a)-(c) The left figure represents the schematic of rotation speed
test. The right figure shows the rotation speed of each second for five minutes corresponding to the three conditions of the left setup. The reflection laser
is detected by a laser sensor, allowing the computation of scanning speed by measuring the time taken for each revolution of the laser beam. The laser
sensor and acquisition card for the scanning speed measurement are PDA36A2, THORLABS, and NI USB-6210 (250 kHz), respectively.

B. Validation of OCT Endoscopy

To validate the feasibility of our pneumatic actuator in
distal scanning OCT endoscopy, we conducted the OCT
endoscopy experiment for the human finger, as shown in Fig.
9. First, we carry out the optical design to obtain a desired
working distance (W ), as shown in Fig. 9(a). Here, the ball
lens is assumed to be spherical, and the refraction on the wall
of the glass tube is ignored. There are four design parameters:
the length of the CLF (S), the diameter of the ball lens (D),
the radius of the glass tube (R), and the distance between the
ball lens and the reflector (B). To find the conditions under
which an optimal resolution can be achieved for a desired
working distance with a given ball lens diameter (250 µm),
ray-tracing simulations are carried out with Zemax (Zemax,
LLC.) by assuming a uniform pure silica index profile in
both the beam expander and ball lens. The simulation results
show that when the length of the CLF is 195 µm, an optimal
focused length of the laser beam (B+(R+W )/sin74°) is 2386
µm, that is, the laser beam can focus at approximately 274
µm outside the glass tube.

Then, the OCT imaging probe driven by our pneumatic
actuator is wrapped by two human fingers, as shown in
Fig. 9 (b). The OCT imaging probe circumferentially scans
the fingers at the rotation speed of 66 rps. By matching
the sampling frequency and the circumferential scanning
speed, the OCT image of the human fingers is captured as
shown in Fig. 9(c). The finger’s layer structure, including
the external fingerprint, internal fingerprint, epidermis, and
dermis, is clearly observed. This demonstrates the successful
application of our pneumatic actuator in endoscopic OCT
imaging.

Fig. 9. OCT endoscopy for the human finger using the proposed pneumatic
rotation actuator. (a) Working distance design of OCT imaging probe. (b)
OCT endoscopy schematic. (c) Representative OCT image of the human
finger.

IV. CONCLUSIONS

This paper proposes a pneumatic miniature rotation actu-
ator that features stable rotation. The rotation speed of the
pneumatic actuator can be controlled from 66 to 97 rps by
regulating the airflow rate from 3.25 to 4.00 L/min. By in
vitro OCT imaging of the human fingers, we demonstrate
the actuator’s feasibility in electricity-free distal scanning
OCT endoscopy. Our pneumatic rotation actuator provides
an electricity-free scanning method for OCT endoscopy and
has significant potential in the application of other imaging
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modalities, such as endoscopic ultrasound. However, our
pneumatic actuator is still in its infancy, and several aspects
require enhancement in its design and functionality for future
clinical translation. First, it is necessary to conduct clinical
evaluations further for our pneumatic actuator in vasculature
and bronchi. Secondly, the windmill rotor could be optimized
to enhance energy conversion efficiency, increasing the max-
imum rotation speed. Finally, the structure of the rotation
actuator should be improved to reduce its outer diameter, so
that it can be used in narrower luminal organs [29].
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