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Summary Systematic mechanics analyses are performed to reveal the underlying operation mechanism of a newly developed dynamically 
tunable hemispherical eyeball camera by using the principle of virtual work with the Yeoh material model.  The predicted strain 
distribution, photodetector position on deformed detector surface, and the pressure-apex height relation agree well with finite element 
analysis and experiment.  This study provides a reference for controlling and adjusting the curvature (hence the focal length and objective 
distance) of the eye and lens based on hyperelastic membranes during collecting high quality images.  

 
INTRODUCTION 

 
Imaging systems that use arrays of photodetectors in curvilinear layouts are attractive due to their ability to match the 
strongly nonplanar image surfaces that form with simple lenses [1,2], thereby creating new design options [3-5].  For 
either printing electrical components directly onto prescribed curved surfaces [3] or transferring geometrically the 
initially planar system onto specific curvilinear shapes [4,5], the detector curvature is fixed and the “eye” is therefore 
incompatible with changes in the image surface.  This limitation was encompassed by a newly biomimetic design, in 
which photodetector arrays are integrated on transparent elastomer poly (dimethylsiloxane) (PDMS) membrane 
accommodating reversible deformation into hemispherical shapes with radii of curvature that can be adjusted 
dynamically via hydraulics [6]. Combining this type of detector with a similarly tunable fluidic planoconvex lens yields 
an actively tunable eyeball camera with excellent imaging characteristics, including night-vision surveillance, 
endoscopic imaging, and wideangle fields of view.  The objective of this lecture is to study the underlying mechanism 
of tuning the curvature of the eye and lens (and hence the focal length and objective distance) by adjusting the pressure 
difference on these PDMS membranes, and therefore to provide guidance for operating this kind of eyeball camera.     
 

MECHANICS OF TUNABLE LENS 
 
The thickness (t=0.2 mm) of PDMS membrane for tunable lens is much smaller than the diameter (9 mm) of its 
deformable part confined by an open hole on the water chamber such that the membrane deforms to a convex 
hemispherical cap upon pumping water into the chamber.  As shown in Fig. 1, the radius of the chamber is L and the 
apex height is H (distance between the apex and the centre of the membrane in its initial flat state), in terms of which 
the radius of curvature of the hemispherical cap is given by R=(L2+H2)/(2H) and the open angle by 
m=arcsin[2LH/(L2+H2)]. Since the membrane undergoes large strain up to more than 40% in experiment, the radial and 
circumferential strains in the membrane due to finite deformation are r=ln(Rm/L) and =ln[Rsin(rm/L)/r] in the 
cylindrical coordinates (r,z). Finite element analysis (FEA) gives identical strain with the predicted results and thus the 
hemispherical shape and the analytical model is validated. 
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      Fig. 1 Model illustration            Fig. 2 Results for tunable lens            Fig. 3 Results for tunable eye 

It is the pressure difference p between the two surfaces of the membrane that deform it into a hemispherical cap. We 
employ the principle of virtual work to determine the relationship between the pressure difference p and the apex height 
H of the cap, i.e. Ue-W=0, where W=pV is the virtual work done by the pressure difference p on the virtual volume 
V (V=H2(3R-H)/3 is the volume embraced by the hemispherical cap and the plane for the initial flat state of the 
membrane), and Ue is the virtual elastic strain energy stored in the membrane on the virtual deformation H.  Due to 
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large deformation, the elastic strain energy stored in the membrane is  3

e 110
2 3 d

L n

nn
U t C I r r


   based on the 

Yeoh hyperelastic material model [7], where 2 2 2
1 1 2 3I       with the principle stretch 1=Rm/L, 2=Rsinrm/L/r, 

and 3=1/(12) for incompressible material, the material constants C1=0.285 MPa, C2=0.015 MPa, and C3=0.019 MPa 
[8] for the current PDMS (sylgard 184). Upon applying the principle of virtual work, the normalized pressure 
difference pL/(2C1t) on the membrane is expressed as a simple function about the normalized apex height =H/L as  
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where 1n nC C C  and H L  . The normalized pressure difference pL/(2C1t) versus the normalized apex height 

H/L is exhibited in Fig. 2, where the experiment data are also shown. The difference between the predicted results and 
experiment is caused by the initial strain in the membrane due to installation.  According to the measurement in 
experiment, the analytical results with the initial strain 0=-2% due to squeeze compares well with experiment.  
Equation (1) gives the simple scaling law for tuning the lens if the membrane is made of an incompressible material 
with specific strengthening scheme (specific C2/C1 and C3/C1). 
 

MECHANICS OF TUNABLE LENS AND TUNABLE EYE 
 
The tunable eye with photodetector array (square shape of size lpd=0.5 m and spacing lspacing=0.42 m) integrated on a 
PDMS membrane (thickness t=0.4 mm) deforms to a concave hemispherical cap upon extracting water from the 
chamber (diameter 2L=15 mm).  The deformation profile is determined similar to the tunable lens.  The 
hemispherical cap suggests uniform radial strain in the membrane, which implies that the photodetector initially at 
(r,,0) in cylindrical coordinates moves to [Rsin(rm/L), , Rcos(rm/L)-Rcos(m)] after deformation.  This prediction 
for the position of photodetector after deformation of the detector surface is validated by comparing with the FEA and 
experiment.  Since the photodetector is several orders of magnitude more rigid than PDMS, the deformation of PDMS 
underneath photodetectors is neglected while that between the detectors is totally free of constrain. The principle stretch 

of the detector surface are  1 m 1R L f    and    2 msin 1R r L r f   , where  2 2 2
pd pd spacingf l l l   is 

the area fraction of photodetectors.  Upon applying the principle of virtual work based on the Yeoh hyperelastic 
material model, the normalized pressure difference pL/(2C1t) on the detector surface is expressed as a simple function 
about the normalized apex height =H/L as   

 
   

eye31 1eye 1
12 0

11

2 1 d
3 d

2 d1

n

n
n

f IpL
nC I

C t
 







 

   (2) 

Figure 3 shows the normalized pressure difference pL/(2C1t) on the detector surface versus the normalized apex height 
H/L.  It suggests that the area fraction of photodetectors has negligible effects on the pressure-apex height relation for 
small deformation.  When the measured initial strain due to installation is included, the analytical results are identical 
to experiment.  
 

CONCLUSIONS 
 

In conclusion, we developed an analytical model to predict the mechanical properties of the tunable eye camera.  The 
agreement between the predicted strain distribution, position of photodetector, and pressure-apex height relation with FEA 
and experiment validates the analytical model.  The scaling law is very useful for controlling the pressure difference on the 
lens and eye surface and hence adjusting the curvature of the tunable lens and tunable eye during collecting high quality 
images.  This analytical model is applicable to the operation of other biomimetic tunable hemispherical eyeball camera 
systems based on hyperelastic membranes.  
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