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Appendix A.1.  

 
 

Increase in mirror leg bond area by the sculpting process 

 

 

Figure A. 1 Mirror leg sculpting 

 

Radius of curvature � = ���� + ��         Equation A.1 

from measurements on the mirror leg, x = 0.29 μm , d = 0.88 μm 

substituting and calculating R = 0.475 μm 

 	 = 2 sin�� � ���� = 	135.7� 

which is 1/2.65 times the circumference, so the length of the arc is 2πR/2.65 = 1.12 μm 

and so the arc represents an increase in area of  1-1.12/0.88 = 27%  
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Appendix A.2.  

 

Calculation of the mirror surface deflection  

 

The mirror is supported on a matrix of pillars and the deflection of the surface when one 

central actuator is activated can be estimated. Considering the mirror as a simply 

supported disc with force acting in the centre and making a reasonable assumption that 

the constraint from the inactive supports is minimal. 

 

Figure A. 2 Section of mirror (green) used in analysis 

 

Figure A.3 Side view of simple supported mirror 

 

If e is small then use e’ as calculated below 

 �� = �(1.6�� + ��) − 0.675�	 if e < 0.5t else e’=e  Equation A. 2 

 # = $%&�    '()� =	 *+, ((1 + -) ln � /01� + 1)   Equation A. 3 

 

Therefore #()� = $*+,&� (1 + -) ln � /01� + 1)		at the centre 
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Assuming v=0 #()� =	 *&� (0.6201 ln � /01� + 0.477) 
 

3( =	 4	*	/5(��6�)�$	7	&8  at the centre    Equation A. 4 

 

 

Plate radius r = 0.64 mm 

Thickness t = 125 µm 

Young’s modulus of silicon E =190 GPa [1] 

As the deflection across an 80 mm diameter mirror is 6 µm maximum then assuming the 

centre of the mirror is raised, the deflection between two mirror supports each separated 

by 1 mm is 150 nm. The force required to make the deflection (from the above formula) 

is 9 mN. For a mirror leg with a cross sectional area of 125 x 125 µm the pressure is 316 

KN/m2 and allowing a factor of safety a figure of 0.576 MPa is used. If the disc in the 

calculation is constrained by clamping all around its perimeter then the force involved 

would be multiplied by 2.5. 

 

Symbols / Units 

r = radius of circular plate (m) 

a = major length of rectangular plate (m)  

a = outside dia or ring (m)  

b = minor length of rectangular plate (m)  

b = inside dia of ring(m)  

t = plate thickness (m) 

P = Single concentrated force (compressive) (N) 

σ m = maximum stress(N/m2) 

ym = maximum deflection (m) 

E = Young's modulus of elasticity (N/m2) 

ν = Poisson’s ratio : 0.27 [2].  

D = Flexural rigidity = E.t3 / 12 (1-ν2) 
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Appendix B.1.  
 

Calculation of the actuator force. 
 

The actuator material used in the design is from Noliac (Denmark) is designated 

NCE51. The material characteristics give the elastic modulus of the material as  

E = 9 x 1010  Nm-2  

The design dimension of the actuator are: 

cross sectional area A = 1 mm x 1.2 mm = 1.2 x 10-6 m2 

Actuator length l = 2 mm 

The spring constant for the actuator is 9) = 7	:; =	 <	=	�>?@	�	�.�	�		�>AB	�	�	�>A8 = 54	MNm��  

(Equation B. 1).  

Blocking force of the actuator: 

F =	9)∆H = 54	I	10$	I	2	I	10�$ = 108	K   (Equation B. 2) 

for a maximum actuator extension of 2 μm. 
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Appendix B.2.  

 

Copper plating calculation 

 

The quantity of copper plated is based on Faraday's law of electrolysis [3]. In the plating 

process the mass of material deposited at one electrode is directly proportional to the 

quantity of electric charge flowing through the electrolyte coupled circuit. 

 L =	�MN� �%O�      Equation B.2.1  

m is the mass of the substance liberated at an electrode in grams 

Q is the total electric charge passed through the electrolyte 

F = 96500 C mol−1 is the Faraday constant  

M is the molar mass of the substance 

z is the valency number of ions of the substance (electrons transferred per ion). 

 

The current flowing in the plating circuit and the time in the plating bath determine the 

amount of copper plated over a given area. 

 

The total area to be plated is calculated from 14 rows of actuators x 2 actuator side wall 

surfaces + the top surface of the actuator rows + trench depth x length: 

 

14 x 23.2 mm x ((2 x 1.99 mm) + (1 mm) + (2 x 1 mm+ 0.3 mm)) = 2364.5 mm2   

 

For a 100 µm thick layer of copper over the area to be plated the volume of copper 

required is:  

100 µm x 2.36 µm2 = 236 nm3.  

 

The density of copper is 8.96 g.cm-3 so the weight of copper required is: 

 8.96 x 0.236 = 2.11 grams 
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Atomic weight of copper is 63.546, so 2.11grams/63.546 = 0.0332 mole of copper is 

required.  

 

Copper has a +2 charge; one atom of copper requires 2e- 

 

The charge required (Q) is calculated by rearranging equation B.2.1  

 

P = 	LFQ' = 	2.11	I	96500	I	20.0332 = 12,266	C 

 

To achieve an initial fine plate of copper 0.5 amps is applied for 1 hour (1,800 C). The 

remaining copper is plated at a higher rate of 2.9 amps for 1 hour (10,466 C). 
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 Appendix C.1.  

 

Cross talk simulation in 36-actuators array board 

 

A simulation of the cross talk performance of the FR4 circuit board used in the tests on 

actuators was carried out using WinSpice Version 5.00.2 from Ouse Tech Ltd.  The 

circuit diagram used in the simulation is shown in Figure C.1 with key areas 

highlighted.  A sub set of the full array, 9 of the 36 actuators, was simulated.  The area 

highlighted in pink is the section of the array being simulated with the central actuator 

stimulated by the voltage source. The lighter blue surrounding area has components 

representing the circuit board resistance and capacitance between the actuator rows and 

columns. The green highlighted area has components for circuit board resistance and 

capacitance to the ground plane of the circuit board. 

The values of actuator parallel resistance are calculated from the leakage currents 

measured on the actuators, 86 pA, where the voltage drop was 0.155 V giving an 

equivalent resistance of 1,800 MΩ.  The capacitance of the actuators was measured as 

34 nF. 

 The capacitance between row and column connections was measured as 40 pF and the 

capacitance to the ground plane measured as 56 pF.  The resistance of the FR4 (100 

MΩ) is taken from commercial data [4]. 
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Figure C. 1 Simulation of cross talk in a 36 actuator array on FR4 circuit board 

 

The voltage source in the simulation applies an ac signal across the actuator being 

simulated as shown in (darker pink, Figure C.1, test points TP1 and TP2). The crosstalk 

is measured in the surrounding actuators by interrogating the signals across particular 

actuators, for example, the voltage difference across TP3 and TP4 for the top right 

actuator in the array. The cross talk is derived from dividing the measured signal by the 

stimulating signal, and is found to be -14 dB, approximately one fifth of the input 

signal.   
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 Appendix C.2.  

 

Hysteresis calculation 

 

Hysteresis is the measurement of the difference in displacement offset of the values 

generated by an actuator in response to a positive going direction of excitation voltage, 

and the same displacement as the excitation voltage going in a negative direction, as 

shown in Figure C.2. 

 

Figure C. 2 Total hysteresis of a PZT actuator 

The dotted lines touch at the maximum width of the displacement curve and the 

calculation of hysteresis can be made using a simplified definition of points, as shown 

in Figure C.3. 

 

Figure C. 3 Definition of hysteresis points 

 

U( =	VU()� −	U(WX2 Y +	U(WX 

Z3[��\�[][	(%) = 	 _ `(& −	`(;`()� −	`(WX_ 	I	10 
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 Appendix C.3.  

 

Digital signal processor test waveform and MATLAB M-File to 

process test waveform data 

 

The calculation of the capacitance for the actuator under test is based on a voltage 

divider using a known capacitance as depicted in Figure C.4.  The input saw tooth wave 

causes a forward flowing constant current through the signal injection capacitance (Cs), 

and the actuator under test, as the input waveform is rising as shown in Equation C.1.  

 

Figure C. 4 Test circuit to find actuator capacitance 

 

ab =	 1cdeb 					a) =	 1cde) 

] = 	 UWXab +	a)	 = 	U�f&a) 											H��		� = 	U�f&UWX  

a) =	ab V �1 − �Y 

1cde) =	 1cdeb 	V �1 − �Y		 
1e) =	 1eb 	V �1 − �Y 

] = 	eb �ghi�&  



178 
 

e) 	= 	eb 	V1 − 	�� Y 

e) 	= 	eb 	j1 −	U�f&UWXU�f&UWX
k 

e) 	= 	eb 	VUWX −	U�f&U�f& Y 

e) 	= 	eb 	V UWXU�f& − 1Y 

Equation C.1  

The input voltage waveform produces a similar shaped and phase shifted output 

waveform. Applying the waveform to the circuit and using the equation above, the 

actuator capacitance, Ca is derived from measurable quantities such that.  

e) =	eb 	l mUWXm�mU�f&m� − 1n 

Equation C.2 

The input signal is generated by the digital signal processor AD5930 [5] with the 

internal registers configured for 100 increments starting at 1 KHz and incrementing by 2 

KHz to a final frequency of 200 KHz with 10 complete cycles at each intermediate 

frequency.  The required register values to be sent over the SPI interface to the AD5930 

are: 

Control register = 0x0C33 

Start frequency  = 0xD00C150 

Frequency increment  = 0x3000229F 

Number if increments = 0x1032 

The frequency steps are incremented by triggering the CTRL pin on the AD5930. 

The DAQ used was a TiePie 5 MHz HS3 dual channel (www.tiepie.nl), which captured 

the voltage sourced by the AD5930 and the output of the FET buffer.  The files captured 

from the HS3 were analysed in MATLAB (version 2014a) using the M-file listed 

below.  
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The M-File reads in the data from each consecutive file generated for the incremental 

frequency bursts.  The voltage gradient (dV/dt) between adjacent points is calculated for 

both input and output measurements.  The peak current is detected in software and a 

root mean squared (RMS) average of five surrounding values is calculated.  Five data 

points were considered a sufficient measurement of linearity as the test data indicated an 

R2 value (coefficient of determination [6]) for a linear regressive fit of 0.67; a perfect fit 

would give a value of 1. The value of actuator capacitance at the particular excitation 

frequency is calculated using the equation above.  The next frequency is then processed 

and the result stored, a plot can then be made of actuator capacitance -v- frequency.  

Each test sequence (frequency scan) at a particular bias voltage is repeated a total of ten 

times and the RMS capacitance value calculated. The RMS averaging process reduced 

the noise by a factor of three, helping to highlight features, which may be present. 

% scrip to work out dv/dt values from test data 
% dvdt_av_ten.m 
% M.Strachan 
% 
 
% pre-allocate arrays and variables 
ch1_slope = zeros (1, 5000); % used to hold Ch1 dv/dt values 
ch2_slope = zeros (1, 5000); % used to hold Ch2 dv/dt values  
sqcap  = 0;                             % used to in noise reduction  
 

C1 = 31.9e-9; % coupling capacitor (signal injected through this cap) 
 
% Step through n- tests to reduce noise on measurements at each frequency 
 
% base directory name (modify for the testgroup) 
Source_directory ='C: \Users\engd\Documents\aatest data\4act1_3\'; 
no_of_repeated_tests = 10;   % number of repeated tests (n) 
no_freq_bursts = 50;             % number of frequency intervals sampled 
 
For pages_n=1:no_of_repeated_tests        
test_ref = sprintf ('%d', pages_n);     
directory = strcat (Source_directory, 'test', test_ref, '\'); 
 
array_row =1; 
For fdirs=9: 9: 72 
 
data_base='test_'; % build file name containing DAQ data 
fdir_ref = sprintf ('%d', fdirs); 
BaseName=strcat (directory, fdir_ref, 'v\', data_base); % directories 9v, 18v.. 
 
% step through all the files created at each frequency 
For k=1:no_freq_bursts   
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   % read in the data from file 
   fp= k-1;                 % fp is the file pointer which starts at zero   
   p=sprintf ('%03d', fp);  % add the leading zeros to the file name 
                         % extension 000,001....050 
   FileName=strcat (BaseName, p, '.csv') % add the csv extension 
   fid  = fopen(FileName,'r');            % open the file 
   % miss out the first 9 head lines of test 
   data_act = textscan (fid,'%f%f%f','headerlines', 9,'delimiter',';'); 
   fclose (fid); % close the file 
    
   %  separate the 3 columns of data      
   time = data_act{1,1}; 
   ch1 =  data_act{1,2}; 
   ch2 =  data_act{1,3}; 
    
   % Find the maximum extent of the waveform  
   % using peakdetect function (peakdet.m) 
   [maxtab, mintab] = peakdet (ch1, 0.1); 
   % find the x data point where last peak occurs 
   Zn =uint16 (max (max(maxtab))); 
    
   % calculate the slope values between points for both ch1 & ch2 (dv/dt) 
   % the central difference method is used, therefore the first and 
   % last points are "lost" 
    
   For j=2: Zn % step through all the points in the data file 
   ch1_slope (j) = abs ((ch1 (j+1)-ch1 (j-1))/ (time (j+1)-time (j-1))); 
   ch2_slope (j) = abs ((ch2 (j+1)-ch2 (j-1))/ (time (j+1)-time (j-1))); 
   end % end of finding the slope values 
    
   % Find the position of the peaks in the dv/dt waveforms for ch1 & ch2. 
   % from the peaks a mid point is calculated and used to average the 
   % slopes 
   [maxtab, mintab]= peakdet (ch1_slope, 100); 
   ch1_slope_maxtab = maxtab; 
   ch1_slope_mintab = mintab; 
   [maxtab, mintab]= peakdet (ch2_slope, 100); 
   ch2_slope_maxtab = maxtab; 
   ch2_slope_mintab = mintab; 
    
    
   % Find the average slope values for 5 data points mid point from  
   % the peak slope differential 
   For j=1: length (maxtab) % step through each peak in the input waveform 
           % identify the mid point in the rising voltage 
       sub = uint16(maxtab(j)-0.5*maxtab(j)); 
           % calculate the average of 5 points 
       ch1_av_dvdt = (   ch1_slope (sub+1)... 
                       + ch1_slope (sub+2)... 
                       + ch1_slope (sub+3)... 
                       + ch1_slope (sub+4)... 
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                       + ch1_slope (sub+5))/5; 
                    
       ch2_av_dvdt = (   ch2_slope (sub+1)... 
                       + ch2_slope (sub+2)... 
                       + ch2_slope (sub+3)... 
                       + ch2_slope (sub+4)... 
                       + ch2_slope (sub+5))/5;             
           % use the average of the slope to calculate the capacitance 
        Cact (j) = C1*((ch1_av_dvdt/ch2_av_dvdt)-1);   
           % reduce noise on measurement by squaring (* and later av & sqrt) 
        sqcap = sqcap + Cact(j)^2; 
   end     % end of slope differential average 
   sqcap = sqcap/length(maxtab); % * average of squared capacitance 
    
     % * capacitance values stored for each frequency 
      C_freq_range (array_row, k, pages_n) = sqrt (sqcap);  
      sqcap =0; % reset the variable 
        
end % end of going through all the frequency(k) files 
    
     array_row = array_row + 1; % build row for next frequency data 
end 
 
end % of all the test groups (pages) 
 
% now calculate the root of squared sums of capacitance at each frequency 
% for all the test pages 
Csums = 0; % holds the squared sums 
 
For row=1:(array_row-1) 
  For col=1: no_freq_bursts 
      For z=1: no_of_repeated_tests 
          Csums = Csums + C_freq_range (row, col, z) ^2; 
      end 
      C_freq_av (row, col)= sqrt(Csums/no_of_repeated_tests); 
      Csums = 0; 
  end 
end 
 

Peak detect function from Eli Billauer (http://www.billauer.co.il/peakdet.html) 

function [maxtab, mintab]=peakdet(v, delta, x) 
%        PEAKDET Detect peaks in a vector 
%        [MAXTAB, MINTAB] = PEAKDET(V, DELTA) finds the local 
%        maxima and minima ("peaks") in the vector V. 
%        MAXTAB and MINTAB consists of two columns. Column 1 
%        contains indices in V, and column 2 the found values. 
%       
%        With [MAXTAB, MINTAB] = PEAKDET(V, DELTA, X) the indices 
%        in MAXTAB and MINTAB are replaced with the corresponding 
%        X-values. 



182 
 

% 
%        A point is considered a maximum peak if it has the maximal 
%        value, and was preceded (to the left) by a value lower by 
%        DELTA. 
 
% Eli Billauer, 3.4.05 (Explicitly not copyrighted). 
% This function is released to the public domain; Any use is allowed. 
 
maxtab = []; 
mintab = []; 
 
v = v(:); % Just in case this wasn't a proper vector 
 
if nargin < 3 
 x = (1:length(v))'; 
else  
 x = x(:); 
 if length(v)~= length(x) 
   error('Input vectors v and x must have same length'); 
 end 
end 
  
if (length(delta(:)))>1 
 error('Input argument DELTA must be a scalar'); 
end 
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 Appendix C.4.  

 

Measurement accuracies 

 

In measuring the capacitance of the actuator the following accuracies and errors are 

accounted for: 

1) Displacement measurement using the MTI 2100 Fotonic instrument fitted with the 

MTI-2020R probe (resolution of 0.01 μm, and a range of 102 μm). The meter has in 

internal calibration routine to peak up on the return signal from the probe implying 

an accuracy of 0.01%. 

2) The capacitance measurement uses an Analogue Devices AD5930 programmable 

frequency sweep and output burst waveform generator to create the saw tooth 

waveform, which is applied to the injection capacitor. The important parameters in 

the generation of the input signal include the accuracy of the voltage generated and 

the precision of the timing to create a linear voltage rise (dV/dt) over the range of 

the test frequencies. The timing generation of the AD5930 is controlled by a 50 

MHz crystal oscillator with a stability of 100 ppm (0.0001%) at worst case.  The 

output waveform is generated by a 10-bit DAC and ideally a linear output is 

required. The non linearity of the DAC is specified as +/- 1.5 of a least significant 

bit (LSB) and this translates to a potential error in the slope of 0.29%. The 

differential non linearity relates to the error in individual voltage steps and over the 

output range this is +/-0.75 LSB or 0.15%. The total error contribution from the 

AD5930, taking the square root of the sum of the squares of the error contributions, 

is 0.33%. 

3) The generated signal is then passed through a 31.9 nF multi-layer ceramic capacitor 

and the temperature effects can be ignored given a stable temperature environment 

over the period of the test. The largest variation influencing the capacitor is the 

effect on the capacitance due to polarisation as a result of the voltage across the 

capacitor over the test frequency range. The voltage across the signal injection 

capacitor is approximately half of the applied voltage as measured in the test. The 

standard deviation of the RMS capacitance measurements over the voltage and 

frequency range in the test was 0.33 nF or approximately 1%.  
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4) The data acquisition system used to measure the output voltage from the tests was a 

Tiepie HS3, which has a timing accuracy of 0.01% and DAC accuracy of 0.2%. 

Taking the square root of the squares of all the contributions (MTI probe, signal 

generator, injection capacitor, and Tiepie DAC measurement) implies an overall 

measurement accuracy of 1.07%.  Improvements to the measuring system could be 

made by replacing the dominant error source: the signal injection capacitor, with a 

series transformer but this may lead to a limitation in the frequency range which could 

be covered.  Transformers are bulky and comparatively more expensive than capacitors, 

an importance consideration for a multi-channel cost effective deformable mirror 

system.  
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