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Abstract. SPL (Single Port Laparoscopy) might bring improved surgical 
outcomes but this new procedure needs effective and functional next-generation 
surgical tools. Although several robotic systems for SPL have been constructed, 
only manual SPL tools are currently used in clinical SPL procedures. This paper 
presents the design, construction and experimental characterizations of a stereo 
handheld camera tool with integrated illumination for SPL. The camera tool can 
be folded for the insertion into abdomen through a Ø12mm trocar. Besides 
providing 3D visualization and illumination of the surgical scene, it can also be 
unfolded to spare an additional access port for other surgical tools. The actual 
effectiveness of this camera tool could be further gauged in a surgical setting 
with other manual SPL tools. 
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1 Introduction 

SPL (Single Port Laparoscopy) uses one skin incision (e.g., the umbilicus) for 
laparoscopic interventions [1]. Compared with traditional multi-port laparoscopy, 
SPL could bring better surgical outcomes, including lower complication rates, less 
postoperative pain, shorter hospitalization and better cosmesis under a similar setting 
[2]. Although the newly introduced NOTES (Natural Orifice Translumenal 
Endoscopic Surgery) procedures [3] might lead to less invasiveness, NOTES is still 
quite far away from large scale clinical trials, even assisted by the special tools [4] or 
the robotic systems [5-11]. 

Using the newly developed SPL instruments, including the TriPort (Advanced 
Surgical Concepts), the SILS port (Covidien), the RealHand tools (Novare Surgical 
Systems), the Cambridge Endo instruments, etc., surgeons have found SPL a viable 
choice over traditional multi-port laparoscopy [12].  

Although robotic systems for SPL [13-17] could be used to ease the difficult hand-
eye coordination, these robotic systems are often associated with regulatory hurdles 
and high costs. Manual SPL tools are cheaper and could prevail more easily even 
though surgeons need to go through additional trainings.  
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This paper hence presents the design of a stereo handheld camera tool with 
integrated illumination for SPL, as shown in Fig 1. While folded, the tool has a 
cylindrical laparoscope form with an outer diameter of 12mm. This form facilitates its 
insertion into abdomen through a ∅12mm trocar. The camera tool can then be 
unfolded to spare an access port as well as provide 3D visualization and illumination 
of the surgical scene. Other manual SPL tools could be deployed through this 
additional access port. 

 

( )a ( )b

 

Fig. 1. The stereo handheld camera tool for SPL: (a) CAD model, and (b) prototype 

Main contributions of this paper include i) the foldable structure of the camera tool 
which spares an additional access port for other instruments, ii) the incorporation of a 
continuum arm for camera head positioning, and iii) the use of mirrors in the camera 
head which allows the installation of two Ø7.8mm camera chips inside the Ø12mm 
camera head.  

The paper is organized as follows. Section 2 presents the design goals and the 
overview. Detailed descriptions of the camera tool are presented in Section 3. Section 
4 reports the experimental characterization of the camera tool with the conclusions 
followed in Section 5. 

2 Design Goals and Overview 

Attempting to address the increasing needs for SPL tools, this paper proposes the 
design of a foldable stereo handheld camera tool. 

When the camera tool is in its folded configuration, the distal part of the tool 
possesses a ∅12mm cylindrical form so that it can be easily inserted into abdomen 
through a skin incision (e.g., the umbilicus). After insertion, the camera tool can then 
be unfolded to spare an additional access port as well as provide 3D visualization and 
illumination of the surgical scene.  

A proposed use of the stereo camera tool could be seen from Fig. 2. The camera 
tool has unfolded itself and the access port spared inside the camera tool is big enough  
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to pass a standard laparoscopic tool (e.g. the ∅5mm Harmonic scalpel from Ethicon 
Inc. or other ∅5mm tools). The access port could also be used for water or gas. Two 
needle-like laparoscopic instruments (e.g. the MiniLap tools from Stryker or the Mini-
Laparoscopy tools from Karl Storz) can be inserted into the patient’s abdomen for 
tissue manipulations. 

 

 

Camera tool

MiniLap tool

5mm tool Access port
 

Fig. 2. The proposed use of the handheld camera tool 

Considering the intended application of this camera tool, the conceived CAD 
model and the constructed prototype are shown in Fig. 1. The design’s features can be 
highlighted as follows. 

• The distal part of the camera tool only possesses an outer diameter of 12mm in 
its folded configuration. This is inspired by the ∅12mm endoscopic robot as in 
[9, 11]. 

• The use of mirrors allows the installation of two Ø7.8mm camera chips inside 
the Ø12mm camera head. Relatively big camera chips could bring better image 
qualities. 

• An imaging distance of 100mm to 150mm from the access port to the objects is 
achieved. 

• A 3-DoF continuum arm is incorporated to orient and position the camera head 
in order to achieve dexterous viewing perspectives of the surgical site. 

• Illumination using LEDs are integrated. 

Section 3 presents the detailed components descriptions, including the arrangement 
of the camera chips, the design of a pivoting mechanism, dimension determination of 
the continuum arm, and the design of the tool handle. Experimental characterizations 
are reported in Section 4. 
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3 Components Descriptions 

Design of the handheld camera tool include i) the camera head with two camera chips, 
ii) the pivoting mechanism for the camera head, iii) the continuum arm, iv) the 
illumination design, and v) the design of the tool handle. These components are 
described here with sufficient details. 

3.1 Design of the Camera Head 

It’s desired to use high quality camera chips for the camera head. Usually bigger 
camera chips have better imaging qualities. Among the available products from 
several major suppliers of miniature camera chips, MO-B3506 (MISUMI Electronics 
Corp, 640×480 resolution, 50dB S/N ratio, and 0.1 Lux minimal illuminations) is 
selected, as shown in the inset of Fig. 3. The camera chips at smaller sizes can’t 
provide imaging qualities that are good enough. 

In order to fit the two ∅7.8mm MO-B3506 camera chips inside the Ø12mm camera 
head for stereo visualization, an axial arrangement of the two camera chips were used. 
As shown in Fig. 3(a), two mirrors are used to reflect the images. The axially 
arranged camera chips now have equivalent radial orientations because of the mirrors. 
The distance between the two mirror centers is 11mm and the distance between the 
two camera chips is 20mm. If 1γ  (the angle between the two mirrors) is equal to 90°, 
the two equivalent camera chips have parallel axes. By adjusting 1γ , 2γ  (the angle   

between the two equivalent camera chip axes) can be varied as in Eq. (1).  

2 12 180γ γ= − °  . (1)

A series of experiments were conducted to adjust the 1γ  angle for better 3D 

perception for human, as shown in Fig. 4(c). The anaglyph views were shown to 
several human subjects and they picked one that looked the most natural. The 1γ  

angle was then chosen to be 92°. 

 

Fig. 3. Camera chip arrangement in the camera head: (a) the schematic, (b) the prototype, and 
(c) experiments to adjust the camera chip axes 

1 93γ = ° 1 92γ = ° 1 91γ = °Camera chip

Mirror 

1γ

2γ

( )a ( )b

( )c



 Design of a Stereo Handheld Camera Tool for Single Port Laparoscopy 303 

3.2 A Pivoting Mechanism for the Camera Head 

The mirrors in the camera head are axially arranged. The camera head has to be 
rotated for 90°, in order to generate a normal stereo view. A pivoting mechanism is 
designed as in Fig. 4 to rotate the camera head about the pivoting screw to transform 
the distal part of the tool from the cylindrical form into the unfolded configuration. 

As shown in Fig. 4(a), the actuation block can be pushed and pulled by the 
actuation rod to move along the pin guide. Outer shape of the actuation block is 
fabricated to make sure that the camera head is entirely within the Ø12mm cylindrical 
shape when the camera head is folded. The actuation rod is a Ø0.4mm super-elastic 
nitinol. When the actuation block is driven, it pushes a driving pin to rotate the 
camera head between 0° and 90°, as shown in Fig. 4(b). 

FlexPCB strips were used to replace the camera chips’ original wires so that the 
wires will not get tangled during the rotating motions of the camera head. As shown 
in Fig. 4(c), the FlexPCB strips were carefully patterned and arranged inside the 
camera head so that the rotation of the camera head is not affected by the FlexPCB 
strips. 

( )a ( )b ( )c
1 

23 

4 5 

FlexPCB

 

Fig. 4. The pivoting mechanism for the camera head: (a.1) pivoting screw, (a.2) actuation rod, 
(a.3) actuation block, (a.4) pin guide, (a.5) camera head, (b) the motion sequence, and (c) 
arrangement of the FlexPCB 

3.3 Design of the Continuum Arm 

A continuum arm is incorporated so that the camera head can be better positioned and 
oriented when the handle is constrained by the inserted extra tool though the access 
port. As shown in Fig. 5, the continuum arm consists of i) actuation rods, ii) a super-
elastic nitinol strip, iii) a fixation ring, and iv) several spacers. 

The fixation ring is attached at the middle of the nitinol strip. The nitinol strip 
between the fixation ring and the arm entrance is referred to as segment #1. The 
nitinol strip between the camera head and the segment #1 is referred to as segment #2.  

Two actuation rods are connected to the fixation ring and can slide in the spacers’ 
holes. Pulling of the actuation rod would bend the segment #1 upwards. Another 
actuation rod is connected to the camera head and can slide in the spacers. Pushing 
this actuation rod would bend the segment #2 downwards. 
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The third DoF (Degree of Freedom) of the continuum arm is the translational feed 
of the segment #1. 

Bending shapes of the segments #1 and #2 are assumed to be circular according to 
the previous studies as in [18, 19]. Using this assumption, some derivations could be 
carried out to calculate the segments’ desired lengths.  

The preferred viewing distance of the arm entrance (the access port) ranges from 
100mm to 150mm. When the segment #1 is assumed for a 90º bending, the following 
can be derived. 
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If the segment #2 bends from 0º to 90º, it is preferred for the viewing direction to 
point towards the middle of the viewing range when 45ϑ = ° . Then Eq. (3) gives:  

( )1 2
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π
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Many 1L  and 2L  values satisfy Eq. (4). 1 60L mm=  and 2 40L mm=  are 

used.  
 

 

Fig. 5. The continuum arm: (a) structure and (b) dimension calculation  
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3.4 Onboard LEDs for Illumination 

Six LEDs were planned for the illumination of surgical scenes as shown in Fig. 6(a). 
A FlexiPCB strip was used to mount and power the LEDs as in Fig. 6(d).  

Temperature rise could be a concern while using LEDs for illumination. A series of 
experiments were carried out to investigate the potential heating problem. The LEDs 
were powered at different voltages in an indoor environment and temperatures of the 
LEDs were measured. 

The LED has a rated voltage of 2.95v. It was found that powering the LEDs at this 
voltage will always cause heating problems. Then it was decided to power the LEDs 
at 2.70v, since no heating problems were identified under this voltage. 

 

Fig. 6. Illumination tests with LEDs powered at (a) 2.50v, (b) 2.60v and (c) 2.70v; (d) FlexPCB 

3.5 Design of the Handle 

The handle is used to hold and manipulate this camera tool. In order to avoid 
interferences when an additional surgical tool is inserted through the access port, the 
handle is designed to be horizontally placed as shown in Fig.2 and Fig. 11. 

The camera head of the designed handheld tool needs three actuation inputs: i) two 
inputs for the bending of the segments #1 and #2 of the continuum arm, and ii) one 
input for the pivoting mechanism. 

The three inputs are realized by the triggers #1 ~ #3 as shown in Fig. 7. The trigger 
#1 actuates two actuation rods of the segment #1; the trigger #2 actuates the actuation 
rod of the segment #2 by pushing the driving pin which is guided by the actuation 
slider; and the trigger #3 actuates the actuation rod of the pivoting mechanism. These 
actuation rods are routed inside the channels in the handle that was fabricated using 
3D printing. 

All the three triggers have a ratchet-like feature so that the actuation rods could be 
locked in position. The tooth profiles on the triggers are carefully designed such that 
the actuation rods will be pushed or pulled approximately 1mm per tooth. Three 
spring-loaded releases (#1 to #3) could be pressed by a user’s thumb to release these 
triggers and allow the actuation rods to be released. 

The use of the handle is explained in Section 4.1. 

( )a ( )b ( )c

( )d
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Fig. 7. Design of the tool handle 

4 Ex-Vivo Experimental Characterization 

After the handheld camera tool is fabricated and assembled, several experiments were 
conducted to characterize the features of this tool. 

4.1 Tool Deployment 

The handheld camera tool shall be inserted into abdomen in its folded form as shown 
in Fig. 8(a). The distal part of the tool has a cylindrical outer shape. The tool could be 
actuated to unfold itself using the three triggers and then provide illumination and 3D 
visualization of surgical scenes. This deployment is as follows. 

After insertion into abdomen, the handle can further extend the continuum arm 
through the tube, as shown in Fig. 8(b). Then the trigger #1 can be pulled to bend the 
segment #1 of the continuum arm upwards. And the trigger #2 can be pushed to bend 
the segment #2 of the arm downwards. The trigger #3 can be pulled to rotate the 
camera head to provide a horizontal stereo view of the surgical site. The rotation 
motion of the camera head could also be seen from Fig. 4(b). The camera tool is then 
fully deployed as shown in Fig. 8(c).  

The LEDs would be powered on to provide illumination. The triggers and the 
releases can be used together to adjust the continuum arm to a desired pose.  

Other surgical tools can be later deployed through the access port spared within 
this handheld tool. Since the direction of the access port could be constrained by the 
newly inserted tool, the continuum arm allows dexterous positioning and orienting of 
the camera head by adjusting the triggers and the releases. 
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Fig. 8. Tool deployment 

4.2 Shape Identification of the Continuum Arm 

The dimensions of the continuum arm were calculated in Section 3.3 based on an 
assumption that both the segment #1 and the segment #2 have circular bending 
shapes. The experiments reported here were conducted to verify this assumption. 

The experimental setup is shown in Fig. 9(a). An optical tracker (Micron Tracker 
SX60 from Claron Technology Inc.) was used with a pointer. The pointer was pointed 
at different positions along the continuum arm. The tracker could directly provide the 
coordinates of the pointer’s tip. 

The coordinates of the points along the continuum arm were recorded, transformed 
to { }ˆ ˆ,x y  as defined in Fig. 5, and plotted in Fig. 9(b). Two serially connected 

circular arcs approximate the bent segment #1 and the bent segment #2, whereas a 
circular arc with a straight line segment approximates the bent segment #1 and the 
straight segment #2.  

The experimental results clearly indicate that the actual shapes of the segments can 
be well approximated by circular arcs. 
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Fig. 9. Shape identification of the tool’s continuum arm 
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4.3 Calibration of the Camera Chips 

In order to improve the imaging quality, the camera chips might be calibrated.  
The calibration was implemented using the Camera Calibration Toolbox for 

Matlab. The toolbox uses existing algorithms [20]. As shown in Fig. 10(a), several 
photos were taken for a calibration board. The corners were repeatedly detected to 
obtain the distortion correction coefficients. The distortion can be visualized as shown 
in Fig. 10(b). The calibration was conducted for both camera chips. The parameters 
were obtained, including the focal lengths, the principal points, the skew coefficient, 
the distortion coefficients, etc. 

 

 

Fig. 10. Camera chip calibration: (a) calibration board, and (b) distortion visualization 

4.4 Ex-vivo Trial of the Handheld Camera Tool 

The camera tool was also tested in an ex-vivo trial. As in Fig. 11(a), an abdomen 
under pneumoperitoneum was mimicked by a box. The camera tool was deployed and 
another tool was inserted. The scene was visualized with illumination provided by the 
LEDs. The anaglyph view assembled from both camera chips is shown in Fig. 11(b).  
 

 

Fig. 11. Ex-vivo trial of the camera tool: (a) setup, (b) anaglyph view 
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5 Conclusions and Future Work 

This paper presents the design, construction, and experimental characterizations of a 
stereo handheld camera tool with onboard illumination for SPL. 

The distal part of the camera tool can be folded into a Ø12mm cylindrical form for 
the insertion into abdomen. Then it can be actuated to unfold itself using three 
triggers, providing illumination and 3D visualization of surgical scenes. An additional 
access port can also be spared inside the tool to insert other surgical tools.  

Several sets of experiments were conducted to demonstrate the functionality and 
characteristics of this handheld camera tool. Particularly, the camera tool successfully 
visualized a mockup surgical scene using its integrated LEDs. An anaglyph view was 
generated and another surgical tool was inserted through the spared access port to 
perform tissue manipulations. 

The future work shall focus on improving the reliability and sterilizability of this 
design so that the tool can be truly gauged in a more realistic setting. 
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