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ABSTRACT 

This paper presents the design of a compliant bio-inspired camera-positioning 

mechanism. The device combines human muscle actuation scheme and spherical mechanism 

with the aim of miniaturizing the orienting mechanism. The active orientation system which 

has two degrees of freedoms (pan and tilt) is synthesized by using a compliant mechanism. 

The flexible mechanisms utilize the deflection of curved beams to drive the orienting modules. 

A shape and size optimization process using genetic an algorithm is used for the design. The 

objectives of the optimization problem are to maximize the orienting angles and maximize the 

linearity of the linear input and angular output relation. To demonstrate the feasibility of the 

optimum design, finite element analysis using ABAQUS is carried out and a prototype is also 

fabricated using CNC laser cutting method. The experimental results show that the proposed 

design exhibits essential characteristics of a camera orientation a system such as lightweight, 

compactness and high precision. 

Keywords: Compliant mechanism; spherical mechanism; optimization; camera-orientation 

device; CNC laser cutting. 

 

1. INTRODUCTION 

Autonomous vehicle guidance has 

received much attention from researchers 

because of its great potential in various 

applications [1-3] such as indoor security 

patrolling, video surveillance of indoor 

environments, pipe inspection robot, etc. In 

order to guide a vehicle to move in an 

unknown environment, external light source 

such as laser or ultrasonic sensors can be 

used to sketch out the topology of the 

surroundings. In some application, the use of 

either way could be harmful or 

uncomfortable to humans or other living 

creatures. In recent years, stereo vision 

systems gain more advantage compared to 

other alternatives. Stereopsis which is 

biologically inspired by a binocular vision 

from nature requires the capture of a pair of 

images simultaneously from different 

viewpoints. In computer vision, the depth 

information from stereopsis can be useful in 

object recognition, photogrammetry, or 

collision avoidance in mobile robotics. 

Many mechanical mechanisms have 

been proposed to design camera-orientation 

devices (CODs). Commercial CODs usually 

use serial mechanisms with rotary motors to 

provide full rotation range for the camera. 

This kind of machine consists of several links 

connected in series by various types of joints, 

typically revolute and prismatic. It normally 

has one fixed link called base, and one free 

end called the end effector where a CCD 

camera can be integrated. Position analysis 

with inverse kinematic is usually a challenge 

to bring the end-effector to the desired 

position [4]. Furthermore, the actuator 

connected to the base must support the whole 

device, therefore, it requires a sufficiently 

high power to drive the mechanism. 

The most desirable characteristics of a 

COD that is assembled into robotics are 

flexibility, good dynamical performance, 
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compactness and high accuracy [5]. To this 

extent, parallel kinematics is often favorable 

compared to the serial kinematics since only 

the inertial mass of the camera has to be 

driven and not the mass of the actuators itself 

[6]. To further increase the accuracy of the 

device by eliminating the backlash and 

friction presented in all traditional joints, this 

research proposes to use compliant 

mechanism (CM) to synthesize a compliant 

bio-inspired (CBI) camera- positioning 

mechanism. Compared to the traditional 

rigid-body mechanism, CM has numerous 

advantages such as reduction in part count, 

reduced wear and need for lubrication, light 

weight, increased precision since backlash is 

eliminated, therefore ease of miniaturizing [7]. 

2. WORKING PRINCIPLE 

The proposed camera-orienting 

mechanism in this paper originates from the 

agile stereo pair of Samson [5] which is 

actually a 2 DOF spherical mechanism. A 

camera can be actively oriented around its 

vertical (pan axis) and its horizontal axes (tilt 

axis) (see Fig. 1 for better illustration).  

However, instead of using the perpendicular 

actuation approach, parallel actuation which 

is a bioinspired model of the eye plant [8] 

will be applied to save space for more 

compact arrangement in mechatronic systems 

(Fig. 2). In this design, two flexure beams are 

used to transfer the linear motions from step 

motors to the angular motion (pan and tilt) of 

the spherical mechanism. The usage of these 

compliant beams make the device less bulky 

and more accurate therefore it could be 

further simplified and miniaturized. 

 

Figure 1. A 2-DOF camera positioning device 

using a spherical mechanism [Samson 2006] 

 

 

Figure 2. Compliant tilt (a) pan (b) 

mechanisms to activate the COD. 

3. OPTIMIZATION DESIGN 

3.1 Pan mechanism design 

The pan and tilt motions are arranged in 

perpendicular. However, due to compactness 

consideration of the device, two linear step 

motors are arranged in parallel in order to 

provide these actuations. A flexural beam is 

used to connect the linear motor and the pan 

mechanism which could help to convert the 

linear input into an angular output. The 

topology of the beam will define the 

conversion relation whereas proportional 

driving is always expected due to the ease of 

the control system. In this research, four 

3
rd

-order Bezier-curved segments are used to 

parameterize the pan beam. Fig. 3 illustrates 

design parameters for the pan beam where 

𝑄𝑖𝑗  (𝑖 = 1 ÷ 4, 𝑗 = 1 ÷ 3)  are the control 

points of the Bezier curves. As described by 

Rogers and Adams [9], the first and last 

points of each Bezier curve segment are 

coincident with the first and last points of the 

defining polygon. The tangent vectors at the 

ends of the curve have the same directions as 

the first and last polygon spans, respectively. 

Generally, an n
th

 order Bézier curve is 
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determined by (𝑛 + 1) control points whose 

general form of the curve can be represented 

as following [10]: 

𝑄𝑖𝑗 = [𝑥𝑖 , 𝑦𝑖]   𝑖 = 1,2, … , 𝑛 + 1 (1) 

𝑃(𝑡) = ∑ 𝑄𝑖𝑗𝑏𝑖,𝑛+1(𝑡)

𝑛+1

𝑖=1

   𝑡 ∈ [0,1] 
(2) 

𝑏𝑖,𝑛(𝑡) = [
𝑛
𝑖

] 𝑡𝑖(1 − 𝑡)𝑛−1 (3) 

where 𝑏𝑖,𝑛(𝑡)  is Berstein polynomial, 𝑡  is 

independent parameter, 𝑃(𝑡)  and 𝑄𝑖𝑗 

denotes position vectors of points on the 

curve and control points, respectively. 

To manipulate the pan rotation, the 

left-end of the pan beam is connected to the 

frame via point 𝑃2. This point has shifted a 

distance ∆𝑦𝑝  from the horizontal line 

connecting the pan origin 𝑂𝑝 and the input 

point of the actuator. Point 𝑃3 will receive 

an input displacement from the linear motor 

which is then converted into the angular 

motion of the pan fixture via the deformation 

of the flexure pan beam. 

 

Figure 3. Design parameters for pan beam 

A shape optimization design using 

FEA-based genetic algorithm was formulated 

for both pan and tilt beams following the 

procedure developed by Pham and Wang [11]. 

With a maximum input displacement 
(𝛿 = ±9𝑚𝑚)  from the linear motor, the 

objective functions of the optimization 

process are to maximize the rotation angle of 

the pan mechanism 𝜃𝑝  and maximize the 

linearity of the conversion relation between 

linear input and pan rotation output. The 

nondominated sorting genetic algorithm [12] 

is applied to the optimization of the shape 

and size of curved beams. This algorithm is 

suitable for solving multi-objective 

constrained nonlinear problems. 

Due to the geometry complexity, large 

motions and flexural beam behaviors of the 

mechanism, the linear input displacement 

versus pan rotation (𝛿𝑝 − 𝜃𝑝) of the device 

may not be calculated analytically. Finite 

element method can be used to analyze 

geometrically nonlinear behaviors of the 

mechanism and is also suitable to model 

finite axial strain and transverse shear 

deformation of stout as well as slender beams 

of the various beam geometries generated 

during the optimization process. Finite 

element analysis by a commercial software 

ABAQUS [13] is utilized to obtain the 

(𝛿𝑝 − 𝜃𝑝) curve of the device. Optimization 

formulation for the pan beam shape design is 

described in Table 1. In this formulation, the 

objective function is described in Eq. (4) by 

fitting the simulated input displacement and 

output rotation of the pan mechanism by a 

linear function. The constraint function 𝑔1 

is imposed to ensure that the forward motion 

of the actuator will lead to a CCW rotation of 

the pan mechanism. The constraint 𝑔2 seeks 

for a structure that is always operated in 

elastic limit with a safety factor (SF). 

Table 1. Formulation of pan beam 

optimization 

1. Objective: Given linear input 𝛿𝑝 = ±9𝑚𝑚 

 Maximize the conversion coefficient (𝛼): 

𝜃𝑝 = 𝛼. 𝛿𝑝                                (4) 

 Maximize the linearity of (𝛿𝑝 − 𝜃𝑝) 

function: 𝑅2 → 1 

2. Design variables:  

 𝑃2(𝑦); 𝑤𝑝𝑎𝑛 

 𝑄1𝑖(𝑥, 𝑦); 𝑄2𝑖(𝑥, 𝑦); 𝑄3𝑖(𝑥, 𝑦); 𝑄4𝑖(𝑥, 𝑦) 
(𝑖 = 1 ÷ 3) 

3. Constraints: 

i. 𝑔1: 𝑄1𝑖(𝑦) > 𝑃2(𝑦) (𝑖 = 1 ÷ 3) 

ii. The maximum stress within the pan 

mechanism: 𝑔2: m < y/SF 
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3.3 Tilt mechanism design 

The tilt mechanism provides tilt rotation. 

It is also parameterized using four 3
rd

-order 

Bezier-curved segments which is illustrated 

in Fig. 4. Another linear actuator is used to 

drive the tilt mechanism. The same 

optimization formulation procedure for the 

tilt beam shape design is described in Table 2. 

 

Figure 4. Design parameters for tilt beam 

Table 2. Formulation of tilt beam 

optimization 

1. Objective: Given linear input 𝛿𝑡 = ±9𝑚𝑚 

 Maximize the conversion coefficient (𝛽): 

𝜃𝑡 = 𝛽. 𝛿𝑡                              (5) 

 Maximize linearity of (𝛿𝑡 − 𝜃𝑡) function: 

𝑅2 → 1 

2. Design variables:  

 𝑃(𝑥, 𝑦); 𝑄(𝑥, 𝑦); 𝑤𝑡𝑖𝑙𝑡 

 𝐾1𝑖(𝑥, 𝑦); 𝐾2𝑖(𝑥, 𝑦); 𝐾3𝑖(𝑥, 𝑦); 𝐾4𝑖(𝑥, 𝑦) 
(𝑖 = 1 ÷ 3) 

3. Constraints: 

i. 𝑔1: 𝐾1𝑖(𝑦) > 𝑄(𝑦) (𝑖 = 1 ÷ 3) 

ii. 𝑔2: 𝑄(𝑦) >  𝑃(𝑦) 

iii. The maximum stress within the tilt 

mechanism: 𝑔3: m < y/SF 

In the analysis, polyoxymethylene 

(POM) which is considered a high 

performance engineering polymer with many 

applications in industry is used for the device. 

In this model, the Young’s modulus (𝐸) of 

POM is taken as 2.6GPa, and the Poisson’s 

ratio (𝑣𝑝) is taken as 0.25. 

3.4 Optimization results 

By using the GA optimization method 

mentioned above, optimum results for the 

design variables of the parameterized pan and 

tilt curves are presented in Table 3 and Table 

4, respectively. The optimum beam element 

models for these two mechanisms are also 

presented in Fig. 5 and Fig. 6. 

Table 3. Optimum results for pan beam 

Design variables Values (mm) 

∆𝒚𝒑= 𝑷𝟐(𝒚) 

wpan 

𝑸𝟏𝟏(𝒙, 𝒚) 

𝑸𝟏𝟐(𝒙, 𝒚) 

𝑸𝟏𝟑(𝒙, 𝒚) 

𝑸𝟐𝟏(𝒙, 𝒚) 

𝑸𝟐𝟐(𝒙, 𝒚) 

𝑸𝟐𝟑(𝒙, 𝒚) 

𝑸𝟑𝟏(𝒙, 𝒚) 

𝑸𝟑𝟐(𝒙, 𝒚) 

𝑸𝟑𝟑(𝒙, 𝒚) 

𝑸𝟒𝟏(𝒙, 𝒚) 

𝑸𝟒𝟐(𝒙, 𝒚) 

2.27 

0.92 

(4.87, 10.27) (14.21, 

12.64) 

 (11.74, 9.43) 

(17.85, -8.87) 

(21.82, 1.37) 

(28.38, – 6.97)  

(27.60, – 6.69) 

(36.72, – 2.08) 

(38.80, – 5.36) 

(41.19, – 10.84) 

(46.57, – 9.14) 

 

Table 4. Optimum results for tilt beam 

Design variables Values (mm) 

P(x,y) 

Q(x,y) 

wtilt 

K11 (x,y) 

K12 (x,y) 

K13 (x,y) 

K21 (x,y) 

K22 (x,y) 

K23 (x,y) 

K31 (x,y) 

K32 (x,y) 

K33 (x,y) 

K41 (x,y) 

K42 (x,y) 

(0, 5.13) 

(–11.39, 10.35) 

0.81 

(– 11.78, 19.92) 

 (– 6.93, 17.03) 

(– 3.21, 19.70) 

(– 2.69, 18.34) 

(4.96, 6.44) 

(1.78, 17.31)  

(8.10, 16.40) 

(10.58, 16.79) 

(13.26, 16.72) 

(16.65, 9.85) 

(16.84, 11.50) 
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Figure 5. Optimum pan beam deformation 

simulation 

 

 

Figure 6. Optimum tilt beam deformation 

simulation 

The driving force and maximum stress 

built up within the tilt beam are also 

illustrated in Fig. 7. Generally, for the 

forward motion of the motors which leads to 

the compression of the beams, the reaction 

force is smaller than that of the reverse 

motion. It shows an unsymmetrical pattern 

for the force diagram. In order to alleviate 

failure of the mechanism, maximum stress 

should be maintained lower than the yield 

strength of the material (𝜎𝑦 = 76𝑀𝑃𝑎). 

 

Figure 7. Force and maximum stress of 

the tilt beam 

The most important requirement for the 

design of the COD is the symmetry of the 

angle rotation versus input displacement 

diagram for both pan and tilt mechanisms. 

The angle rotation versus input displacement 

diagram for these optimum mechanisms is 

simulated as shown in Fig. 8. Linear 

regression is used to fit the simulation results. 

Fig. 8 shows a rather good fit for both 

mechanisms. The largest pan angle is 28.1
o
 

and the largest tilt angle is 27.6
o
 when the 

maximum input displacement is ±9mm. The 

fitted pan and tilt relation for the optimum 

designs are described as following: 

𝜃𝑝 = −3.06𝛿𝑝 (6) 

𝜃𝑡 = 3.28𝛿𝑡 (7) 

 

Figure 8. Pan and tilt angle rotation vs. 

linear input 
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4. FABRICATION AND 

EXPERIMENTS 

The pan and tilt beams are fabricated by 

using CNC laser cutting technology (Laser 

TR-1390) from the POM material. Their 

dimensions are based on the optimal 

parameters obtained from the optimization 

process. They are then assembled with other 

components to make a complete CBI 

camera-positioning mechanism as shown in 

Fig. 9. To separately drive the mechanisms, 

linear step motors (Haydon 21H4AC – 

7.5-A04, Haydonkerk Motion Solutions) that 

have an overall dimension of 20x20x40mm 

and a 2.0mm lead per revolution could 

provide a 0.01mm input displacement step. 

Although the size of the linear actuators is 

small, it still can provide a large enough 

thrust force (up to 45N) to overcome the 

reaction force created by the compression/ 

tension of the pan and tilt beams. The inset 

(a) in Fig. 9 shows a picture of the motor. Fig. 

10 shows the operation of the device while it 

is independently rotated the pan and tilt axis. 

 

Figure 9. Fabricated device 

 

Figure 10. Tilt (a-b) and pan (c-d) operation 

In order to measure the rotation angle of 

a pan and tilt axis, an integrated 6-axis 

MotionTracking sensor (MPU– 6050, 

InvenSense Inc.) that combines a 3-axis 

gyroscope, 3-axis accelerometer and a Digital 

Motion Processor™ (DMP) all in a small 

4x4x0.9mm package is integrated to the 

device. The inset (b) in Fig. 9 shows this 

sensor. It is connected to an Arduino Uno 

circuit to record the rotation angle data. The 

relation between rotation angle and linear 

input displacement of both pan and tilt axis is 

illustrated in Fig. 11. The measured value is 

slightly smaller compared to the simulated 

results for both axes. This discrepancy can be 

attributed to the uncertainties in material 

properties, geometry and loading conditions 

of the experiments. The fabricated 

mechanism also has slightly smaller beam 

widths than the designed value due to the 

manufacturing error in the laser cutting 

process. 

 

Figure 11. Experimental results of pan and 

tilt rotation 

The designed and fabricated COD is 

finally encapsulated in a housing and 

assembled into the platform of an AGV robot 

as shown in Fig. 12. This robot consists of a 

vehicle which has a commercial pcDuino test 

bed developed by Chen [14]. It is supported 

by ASU VIPLE programming environment 

which is an IoT based visual programming 

language. Beside an ultrasonic sensor 

(HC-RS04) that is used for short-range 

sensing on the right-hand side, the camera 

orienting device is used to observe the front 

view of the vehicle. 
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Figure 12. Integrated the device to an 

autonomous vehicle 

5. CONCLUSIONS 

In this research, we have proposed the 

design of a compliant bio-inspired 

camera-positioning mechanism. Shape 

optimization coupled with genetic algorithm 

has been used during the design process. 

Using the designed methodology, optimum 

shape of pan and tilt mechanisms were 

found. Their operation has been verified by 

FEA and experiment. A prototype is also 

fabricated using the CNC laser cutting 

method. Taking full advantage of compliant 

mechanisms, without movable joints, the use 

of the designed device would results in 

reduced wear, reduced need for lubrication 

and increased performance by increasing 

precision. 
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