
 

 

 

 

 

 

Measurement of slow nanometre 
movements in the living inner ear with 

active head stabilization 

 

Alison Michelle Cook B. Mus., B.Sc. (Hons.) 

 

 

 

 

 

 

 

 

This thesis is presented in partial fulfilment of the degree of  

Master of Clinical Audiology / Doctor of Philosophy 

of The University of Western Australia 

Anatomy, Physiology and Human Biology 

Physiology and Audiology 

2017 

 





 

THESIS DECLARATION 

I, Alison Michelle Cook, certify that: 

This thesis has been substantially accomplished during enrolment in the degree. 

This thesis does not contain material which has been accepted for the award of 
any other degree or diploma in my name, in any university or other tertiary institution. 

No part of this work will, in the future, be used in a submission in my name, for any 
other degree or diploma in any university or other tertiary institution without the prior 
approval of The University of Western Australia and where applicable, any partner 
institution responsible for the joint-award of this degree. 

This thesis does not contain any material previously published or written by 
another person, except where due reference has been made in the text.  

The work(s) are not in any way a violation or infringement of any copyright, 
trademark, patent, or other rights whatsoever of any person. 

The research involving animal data reported in this thesis was assessed and 
approved by The University of Western Australia Animal Ethics Committee. Approval 
#: RA/3/100/1191. 

The research involving animals reported in this thesis followed The University of 
Western Australia and national standards for the care and use of laboratory animals. 

This thesis does not contain work that I have published, nor work under review 
for publication. 

 

Signature:  

 

 

 

Date:                              22/12/2017 

-  
 

 
 

ii





ABSTRACT 

 

This study presents a novel technique for measuring sub-microscopic movements in the 
fluid-filled inner ear. The technique measures slow displacements of auditory structures, using 
changes in the resistance of a saline-filled glass micropipette, passing through the middle ear 
and round window to touch inner ear structures of interest (including the vibrating basilar 
membrane). Our goal was to monitor slow mechanical changes in the inner ear as a possible 
monitor of its autoregulation, which is thought to maintain hearing in the face of day-to-day 
perturbations. The new technique exploits the graded, reversible resistance change when the 
sub-microscopic tip of a glass microelectrode comes into light contact with a (biological) 
surface. The resistance-displacement transfer function was approximately exponential, with a 
pseudo-linear range of many hundreds of nanometre, and a measurement noise floor of less 
than 10nm raw, or much less than 1nm using spectral analysis. Using a 5 MΩ patch 
microelectrode, a resistance modulation sensitivity of approximately 5%/m was achieved, 
allowing measurement of sub-nanometre movements beyond 10kHz, limited only by the 
electrode’s own electrical corner frequency. Improvements in the dc-stability and sensitivity of 
the microelectrode current injection, the amplification equipment and the recording software 
are described, including temperature regulation of the microelectrode amplifier. Together 
these developments gave an ultimate resistance resolution of 0.001% (10ppm; 200Ohm in 
20MOhm) and a drift of less than 100ppm (0.01%) over 24 hours. The preparation and pulling 
of the glass microelectrodes was optimized to improve the DC resistance stability, resulting in 
a typical resistance drift of less than 2.5%/hour. To distinguish inner ear displacements from 
artifactual drift between the animal and microelectrode, displacement measurements were 
made relative to the animal’s skull. To eliminate mechanical drift over tens of minutes that 
would drive the electrode out of its measurement range, the animal’s skull was stabilized using 
a novel technique of analog PID feedback, which stabilized the skull with nanometre 
resolution. The optic displacement probe developed for this task had a raw noise floor of less 
than 5nm. With stabilization on, the noise floor of the in vivo skull displacement was less than 
10nmpp (broadband, raw trace), due to a 1000:1 reduction in skull movement at 1Hz and 
below. The skull actuator also allowed landing the electrode with micron accuracy under 
electronic control, and a sinusoidal vertical skull movement (‘the pilot’) that served as a 
calibration. A novel ventilator with sinusoidal pressure drive was also developed using a 
subwoofer dynamic speaker. This reduced the in vivo mechanical noise floor by eliminating the 
high-frequency components of the ventilation movement, and permitted synchronization of 
the ventilation to the pulse, allowing ventilation movements to partially cancel pulse 
movements. Simple, effective methods of improving vibration isolation and drift of 
microelectrode measurements are also presented. Examples of acoustic movements in the 
middle and inner ears are also shown, including very slow movements of the basilar 
membrane in response to low-frequency tones. Together, these techniques can measure slow 
displacements within the inner ear, including slow outer hair cell length changes associated 
with the putative prestin- and/or calcium-controlled auto-regulation. The same techniques can 
be used throughout biology to monitor sub-cellular movements in living tissue in vivo and in 
vitro, bathed in conducting biological fluids. 
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1 Introduction

  The aim of this study was to develop a technique to measure sub-microscopic slow 
movements  of  the  organ  of  Corti  (OC)  in  the  mammalian  cochlea in  vivo,  including 
those  produced  by  length  changes  of  the  outer  hair  cells  (OHCs) (Figure  1.1).  Slow 
somatic  motility of  outer  hair  cells has  been  proposed  as  a  mechanism  for  the 
regulation of cochlear gain, and therefore hearing thresholds, by maintaining OHC hair 
bundle  angle  in  the  face  of  minute-by-minute  mechanical  challenges, and  there  is 
some indirect electrophysiological evidence to support this view. A major goal for this 
study was to add direct measurement of OHC movements in vivo to the existing array 
of techniques in  animal  experiments.  One particular  goal was  to monitor  OHC  length 
changes during the  so-called  ‘two-minute bounce  phenomenon’,  where cochlear  gain 
slowly  oscillates  after  exposure  to  an  intense  low-frequency  (LF)  tone.  Previous 
electrophysiological  and  computer  modeling  studies  have  suggested  calcium- and 
prestin-mediated  OHC slow  motility  may  play  a  role during  the  bounce,  with  a  time 
course  of  tens  of  minutes.  To  date,  auto-regulatory  OHC  movement  could  only  be 
inferred from electrophysiological data.

  The  measurement  technique  developed  in  this  study  consisted  of  two 
components:  a  DC-coupled  basilar  membrane  (BM)  displacement  sensor  (a  glass 
micropipette  approaching  the  BM, changing  electrode resistance),  and  a  system  to  
stabilize  the  guinea  pig’s  skull  during  these  measurements,  with  nanometer  accuracy 
over  many  tens  of  minutes.  The  development  of  these  techniques  was  necessarily 
iterative,  with  improvements  in  one  aspect  allowing  improvements  in  another  (see 
Section 1.5.2 for the chronology of technique development).

  The development of the many sub-systems required to measure slow movements 
of the organ of Corti took more than three full years, and required the development of 
a very large number of prototypes for each component, with repeated testing as each 
part  was  modified  and  improved.  As  a  result,  not  every  measurement made  is 
presented, and not every prototype is described in detail. Instead, the major advances 
in  the  main  components  are  described,  and  representative  measurements  are 
presented  to  provide  an  overview  of  the  development  process,  and  the performance 
finally achieved by each component, and the system as a whole. In the end, so much 
time  was required to  develop the  necessary  technology,  that little time was available 
to  reap  the  rewards  of  the  developmental  work.  Nevertheless, in  vivo animal 
experiments  were performed  to  demonstrate  the  performance  of  the  new 
measurement technique, and preliminary data are presented to establish the ability of
the new technique in answering many of the outstanding questions discussed below.

1.1 Why measure slow basilar membrane movement?

1.1.1 OHCs are displacement-coupled and require regulation

  The  cochlea's  active  process,  whereby  BM  vibration  is  amplified  1000-fold,  relies 
on  the  OHC  mechano-electrical transduction  (MET) current,  which  is  highly nonlinear
(Patuzzi and Robertson, 1988; Patuzzi, 1996; Patuzzi, Yates and Johnstone, 1989c). The 
MET current follows a Boltzmann activation curve (Figure 1.2), and so has an extremely 
limited dynamic range (~+/-100nm BM displacement; Patuzzi and Rajan, 1990; Patuzzi,
Yates and Johnstone, 1989a-c). 
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Figure 1.1 The incredibly small movements within the mammalian cochlea associated with 
sound and hearing can be put in context by noting that the threshold of hearing is about 
0.3nm: smaller than a single virus particle, about 5% of the width of a cell membrane, and 
about three times the size of a single hydrogen atom. This study set out to measure slow 
movements of the cochlear structures (the organ of Corti) in a living animal that were close to 
this threshold of hearing, near 1nm. To do so required stabilization of the animal's head to this 
order of magnitude. A single outer hair cell of the organ of Corti has a width of nearly 
10,000nm or 10m. 



 

  
   

 
 

 
 

 
   

 
 

 

 
 

                
          
            
            
             
  
 
            
  
  
 
          
            
            
          
   
            
           
 
              
           
            
  
              
          
    
          
  
     

          
  
             
 
           
           
            
            
            
 

As a result, the MET process can be easily overdriven by a mechanical bias of the 
cochlear partition (Nieder and Nieder, 1971; Patuzzi, Yates and Johnstone, 1989b;
Patuzzi, 1983; Patuzzi and Sellick, 1984). For example, intense but non-traumatic LF 
tones can cyclically saturate the MET process, reducing cochlear sensitivity twice per 
cycle of the sinusoidal bias tone, producing a ‘masker period pattern’ (Kliss and 
Smoorenburg, 1985; Patuzzi and Sellick, 1984; Patuzzi, Sellick and Johnstone, 1984a,b;
Patuzzi, Yates and Johnstone, 1989c; Zwicker, 1976). The masker period pattern can be 
produced by low-frequency sound pressures in the ear canal above 95dB SPL(above 
about +/-1Pa) in scala tympani (see Dancer and Franke, 1980; Patuzzi, 1996), which is

equivalent to only 40 osm/L osmotic change in the cochlear fluids (calculation in Kirk 
and Patuzzi, 1997), demonstrating how little perturbation of the cochlear environment 
could change hearing threshold. Similarly, the reverse transduction of the 
electromotile prestin protein in the basolateral wall of OHCs follows a second-order 
Boltzmann function, and has a limited operating range for displacement versus OHC 
membrane potential (Figure 1.2). Whether forward or reverse transduction saturates 
first, slow movement of the organ of Corti produces reduced efficiency of the forward 
and/or reverse OHC transduction, and both reduce cochlear active gain, and elevate 
auditory thresholds To counter these challenges, the cochlea has several anatomical 
adaptations that reduce the transmission of slow mechanical bias to the cochlear fluids 
and the organ of Corti: (a) the Eustachian tube, which nulls out differences in 
atmospheric pressure across the tympanic membrane (TM), avoiding any large static 
movement; (b) the malleo-incudal slip joint in humans, which can compensate for 
static shifts of the TM should they occur;(c) a coiled cochlea in a hard temporal bone, 
so that the organ of Corti is stimulated by differential fluid pressure changes rather 
than common mode high- and low-frequency skull movements, effectively improving 
the common-mode rejection ratio of the organ of Corti; and (d) the helicotrema, which 
short circuits low-frequency differential pressure between scala tympani and scala 
vestibuli, and therefore slow pressures across the organ of Corti (<100 Hz in humans, 
<80 Hz in guinea pigs; see Dallos, 1970, 1973; Ruggero and Rich, 1986).

  Despite these adaptations, some slow pressure challenges still influence the organ 
of Corti, including direct osmotic challenges, and there must also be regulation of OHC 
hair bundle operating point to ensure the active process is maintained within its 
dynamic range. This autoregulation may include length changes of the OHC cell bodies
(O'Beirne, 2005; O'Beirne and Patuzzi, 2003; O'Beirne and Patuzzi, 2007; Patuzzi, 
2011), or adaptation of mechano-electrical transduction (MET) channels of the OHC 
hair bundles (Crawford, Evans and Fettiplace, 1989; Eatock, 2000; Eatock, Corey and 
Hudspeth, 1987; Fettiplace and Ricci, 2003; Hacohen et al., 1989; Hudspeth and 
Gillespie, 1994; Kennedy et al., 2003; Ricci, Crawford and Fettiplace, 2000), although 
the role of this mechanism in the mammal has recently been questioned (Peng, Effertz 
and Ricci, 2013).
Calcium-mediated changes of cell length and stiffness have also been found in isolated  
Deiters' cells  in vitro (Dulon, Blanchet and Laffon, 1994).  It  is therefore  possible  that 
these cells may also contribute to slow BM displacements measured in vivo.
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1.1.2 Mechanisms for overcoming mechanical bias

  As mentioned above, in cochlear autoregulation the quiescent operating point on 
the OHC MET transfer curve could be regulated at the MET channels themselves, or by 
adjustment  of  hair  bundle  angle  using  either  hair  bundle  motility  or  OHC  cell  length 
changes.  There  is  some  evidence  for  two  mechanisms  of  MET  channel  adaptation  in 
lower vertebrates, both mediated by calcium entry via the MET channel (Beurg et al., 
2008,  2010;  Chan  and  Hudspeth,  2005;  Denk  et  al.,  1995;  Lumpkin,  Marquis  ad 
Hudspeth,  1997;  Ricci  and  Fettiplace,  1998;  Ricci,  Wu  and  Fettiplace,  1998),  but 
separable  by  the  time  constants  of  adaptation  (Wu, Ricci  &  Fettiplace, 1999).  Slow

2+adaptation (~15ms time constant) may result from Ca inhibition of the actin-myosin
interaction, moving the MET  channel  along the  length  of  the stereocilia and  relieving

2+tip-link  tension,  while  fast  adaptation  (~1ms  time  constant)  may  result  from  Ca 
binding  directly  to  the  MET  channel,  altering  the  MET  channel  operating  point  (Ricci 
and  Fettiplace,  1997;  Wu  et  al.,  1999).  Interestingly,  these  processes  could  also
operate  in  reverse  to  generate  hair  bundle  movement  (Ricci,  Crawford  &  Fettiplace,

2+2000). More recently, it has become clear that these Ca mediated adaptation process 
do  not  occur  in  mammalian  hair  cells  (Peng  et  al.,  2013),  and  even  those  adaptation 
processes that do seem to exist in mammalian hair cells may have only a limited role to 
play in adaptation and/or auto-regulation in mammalian hearing. Most obviously, the 
dynamic range of the hair bundle adaptation is severely limited when compared to the 
likely  mechanical  challenges  to  the  mammalian  cochlea,  the  adaptation  would 
interfere  directly  with  the  hearing  process  by  making  the  cells  less  sensitive  to  low- 
frequency  sound:  the  approximately  exponential  adaptation  observed  in  mammalian 
hair  cells in  vitro at  room  temperature  (Peng  et  al.,  2013)  has  a  time  constant  near
3ms,  and  at mammalian  temperatures  of  37oC  the  adaptation  would  be  faster  (near 
1ms), and so the adaptation would act as equivalent to high-pass filtering with a cutoff

frequency near (1/(2))=160Hz. There seems no evidence for such high-pass filtering 
in either the cochlear microphonic potentials in the mammalian cochlea, or in hearing 
audiograms in mammals. Moreover,  to  be  useful, the  dynamic  range  of  any  MET 
channel adaptation must be of the same order as the MET channel process itself (i.e. 
tens  of  nanometre):  a range  of  adaptation  far  smaller  than  the  perturbations  which 
would  be  expected  in  the  cochlea.  The  dynamic  range  of  OHC  somatic  motility (fast 
and slow), however, is a significant fraction of total cell length (several micrometers), 
rather  than  a  small  fraction  of  the  length  of  a  single  stereocilium (Ashmore,  1987;
Brownell et al, 1985; Dallos and Evans, 1995; Dallos, Evans and Hallworth, 1991; Dulon 
and  Schacht,  1992; Frolenkov,  Mammano  and  Kachaar,  2003; Frolenkov  et  al.,  2000;
Puschner and Schact, 1997; He, 2003; Kros, 1996; Mellado Legarde et al., 2008; Santos- 
Sacchi and Dilger, 1988; Santos-Sacchi, 1991; Slepecky, 1989; Slepecky, Ulfendahl and 
Flock, 1988; Zenner, 1986a,b; Zenner, Zimmermann and Schmitt, 1985). This suggests 
that  OHC  slow  motility  should  at  least  play  a major part  in mammalian cochlear
regulation, even if hair bundle adaptation were also present.

1.1.3 Slow movement of the organ of Corti with perturbations

  Evidence for OHC  auto-regulation  comes  from  experiments  where  many  cochlear 
parameters are seen to oscillate slowly after certain experimental perturbations, such 
as  intense  non-traumatic  low-frequency  tones,  potassium  perfusions,  hydrostatic 
pressure  transients,  and  transient  hypoxia.  These  observations  have  been  made  in
humans  using  psychophysics (Zwicker  and  Hesse,  1984;  Patuzzi,  2011;  Patuzzi  and
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Wareing, 2002; Wareing, 2001) and otoacoustic emissions (OAEs; Kemp, 1986), and in 
animal  experiments  using  OAEs (Kirk  and  Patuzzi,  1997;  Kirk,  Moleirinho  and  Patuzzi, 
1997) and electrophysiological measures of cochlear function, including measurement 
of  the  cochlear  microphonic (O'Beirne,  2005;  O'Beirne  and  Patuzzi,  2003; Patuzzi, 
2011),  the  summating  potential  (SP; Marcon,  1995; O'Beirne,  2005;  O'Beirne  and 
Patuzzi,  2003; Patuzzi  and  Marcon,  2008; Patuzzi  and  Sellick,  1984),  the  compound 
action  potential  (CAP; Klis  and  Smoorenburg,  1985; O'Beirne,  2005;  O'Beirne  and 
Patuzzi,  2003; Patuzzi  and  Marcon,  2008),  and  the  endocochlear  potential  (EP;
O'Beirne,  2005;  O'Beirne  and  Patuzzi,  2003; Patuzzi  and  Marcon,  2008),  as  described
briefly below.

1.1.3.1 The low-frequency bounce

  The "low-frequency (LF) bounce" or the "two-minute bounce" refers to a particular 
case  of the  transient  under-damped  oscillation  in  cochlear  sensitivity  which  follows 
exposure to  intense  but  non-traumatic LF  tones.  This  behaviour  was first observed  in 
psychophysical hearing thresholds by Hirsh and Ward (1952), Hughes (1954) and Hirsh 
and Bilger (1955), and later by Zwicker and Hesse, 1984; Patuzzi and Wareing (2002). 
The bounce also occurs in TEOAE amplitude, SOAE amplitude, psychophysical loudness
(Kemp  1981;  1986),  DPOAE  amplitude  (Kirk  &  Patuzzi,  1997;  Kirk,  Moleirinho  and 
Patuzzi, 1997;  Drexl  et  al., 2012), CAP  threshold and  EP  (Kirk  & Patuzzi,  1997), and  in 
the Boltzmann  parameters of the  CM  (Kirk,  Moleirinho & Patuzzi,  1997; O'Beirne  and 
Patuzzi, 2007; O'Beirne, 2005).

  This  bounce  in  cochlear  gain  after  an  intense  low-frequency  tone  is  important 
experimentally,  because  it  is  one  of  the  simplest  manipulations  that  perturbs  the 
putative  cochlear  autoregulation,  and  is  easily  repeated  in  any  one  animal.  The 
cochlear  responses  produced  by  the  evoking  low-frequency  tones  are  also  well 
understood, and easily monitored. As such, the low-frequency bounce offers promise 
in probing the nature of the cochlear autoregulation (see O'Beirne, 2005; O'Beirne and 
Patuzzi, 2007; Patuzzi, 2011).

  During the bounce, the oscillations in OAEs (particularly in the quadratic and other 
even-ordered distortion products which are considered an indicator of OHC operating 
point) suggests a micromechanical mechanism of the bounce, although the mechanical 
changes  could  themselves  be  produced  by  an  oscillating  electrical  or  chemical  signal 
that  that  then  drives  OHC  motility  backwards.  That  the  DPOAE  bounce  is  present  in 
paralyzed  animals  and  is  unaltered  by  the  neural  blocker  TTX  shows  clearly  that  the 
bounce  is  neither  a  middle-ear  phenomenon,  nor  is  it  mediated  by  neurones  (Kirk  & 
Patuzzi,  1997).  The  absence  of  a  role  of  the  middle  ear  was  supported  by  Wareing
(2001),  who  also  observed  that  the  bounce  phenomenon  in  humans  occurred  when 
the test tones were presented via bone conduction. 
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  The LF bounce has been investigated extensively by O’Beirne (2005), who 
compared CM Boltzmann parameters, EP and CAP during the LF bounce in guinea pigs. 
These observations led to the development of a complex computer model of the 
putative OHC auto-regulation. The proposed auto-regulatory feedback loops (Figure 
1.3; O'Beirne, 2005; O'Beirne and Patuzzi, 2007) included both fast voltage-controlled 
OHC somatic motility (mediated by prestin) and slow, calcium-controlled somatic 
motility. The model proposed that the mechanism of the LF bounce was a slow under- 
damped oscillation in OHC cell length, driven by intracellular free calcium oscillations. 
The oscillations were proposed to be due to Nyquist-instability of a high-gain, delayed 
calcium-induced-calcium-release, and sequestration of free calcium by the calcium 
cisternae inside the OHC. The model also explained why the bounce was less easily 
evoked as stimulus frequency increased: intracellular free calcium levels rise within the 
OHC during LF tones because of the rectified calcium entry through voltage-gated L- 
type calcium channels in the basolateral wall. At higher frequencies, cycle-by-cycle 
membrane potential changes are low-pass filtered by the membrane capacitance, and 
do not reach sufficient amplitude to produce calcium entry (see O'Beirne, 2005;
O'Beirne and Patuzzi, 2007; Patuzzi, 2011).

1.1.3.2 Other cochlear perturbations

  Similar oscillations in the Boltzmann parameters of the CM, the EP, the CAP and in 
the 2f1-f2 DPOAE have also been observed in response to other perturbations of 
cochlea, including potassium perfusions (Marcon and Patuzzi, 2008; Marcon, 1995)
and perilymph perfusions that produced slight hydrostatic pressure biases of the organ
of Corti (Patuzzi, 2011; see Figures 1.4 and 1.5).

1.1.4 What could we learn from measurement of slow movements?

  As powerful as the Boltzmann analysis of the distorted LF CM is as an indicator of 
OHC function, it only provides information about the hair bundles at the top of the cell, 
and possibly associated changes in the conductance of the OHC basolateral wall
(Patuzzi, 2011). Moreover, hair bundle angle can be biased by either movements of the 
whole organ of Corti (Figure 1.5), or by OHC length changes due to osmotic or active 
mechanisms (Figure 1.5). Both scenarios would produce similar changes in Boltzmann 
parameters of the CM, but would presumably produce opposite movements at the 
base of the OHCs. The modeling by O’Beirne (2005) has suggested that the hair bundle 
angle changes during the bounce in guinea pigs (inferred from the Boltzmann 
parameters of CM, and specifically the operating point parameter, Eo) could not be 
explained by only passive slow movements of the cochlear partition. O'Beirne 
suggested that calcium-controlled somatic motility would be necessary to explain the 
experimental data. However, hair bundle angle could only be inferred in that study 
from Boltzmann parameters describing the LF CM distortion. Without direct 
measurement of the displacement of the apex of the OHCs (and hair bundles in 
particular) AND displacement of the base of the OHCs, the argument could still be 
made that either hair bundle adaptation was responsible for the observed MET 
operating point changes, or whole organ of Corti movements or OHC length changes 
were involved. Either way, direct measurement of BM displacement is required to 
resolve this ambiguity.  
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Figure 1.3. The major feedback loops thought to stabilise outer hair cells and cochlear gain
2+

(O'Beirne, 2005). (I) prestin fast motility, (II) Ca -dependent slow motility, (III) membrane
2+

potential via basolateral wall conductance, (IV) intracellular Ca levels. 

Reproduced from O'Beirne (2005)
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Figure 1.4 Outer hair cells enhance the mechanical sensitivity of the organ of Corti by cancelling 
friction, requiring them to generate transduction currents to generate intracellular AC voltages 
that  drive  the  electromotility  of  the  prestin  protein  embedded  in  their  basolateral  wall.  This 
cancellation  of  friction is  a  form  of  positive  feedback and, like  all  systems  relying  on  positive 
feedback,  the  system's  sensitivity  or  gain  is  crucially  dependent  on  the  amount  of  positive 
feedback. Because the major processes generating the hair cell currents and the hair cell forces 
are fundamentally nonlinear (Figure 1.2), the operating points on those nonlinearities must be 
maintained by autoregulation to maintain cochlear mechanical sensitivity. 
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Figure 1.5. Evidence for cochlear regulation in the form of under-damped oscillations in 
cochlear gain. A. Oscillation in human psychophysical threshold after exposure to an intense 
low-frequency tone (Hirsh and Ward, 1952); B. Oscillation in the amplitude of the transient 
evoked otoacoustic emission (TEOAE) in the human ear canal after a low-frequency tone

(Kemp, 1986); (C) Oscillations in human auditory threshold at the onset and offset of an 
intense low-frequency tone (Patuzzi, 2002); (D) Oscillations in the f2-f1 and 2f1-f2 acoustic 
distortion products after a low-frequency tone in the ear canal of a guinea pig (Kirk, Patuzzi 
and Moleirinho, 1997); (E) Oscillations in the Boltzmann parameters describing outer hair cell

MET in the basal turn of the basal turn of the cochleas of three guinea pigs (Patuzzi, 2011).
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Together with Boltzmann analysis of CM, EP and CAP measurements, the 
measurement of slow movements of the BM would allow us to establish the validity 
(or otherwise) of the OHC auto-regulatory loops proposed by O’Beirne (2005). If a 
technique were available to measure slow movements of the BM, some experimental 
questions would include (i) the role of MOCS and secondary afferents in OHC operating 
point regulation (i.e. does MOCS stimulation cause slow OHC motility?); (ii) Does 
prestin play a role in slow OHC operating point regulation, in addition to its proposed 
role in fast sound-evoked motility (i.e. does loss of prestin function knock-out the 
active process via loss of fast cycle-by-cycle motility, or by loss of operating point 
regulation?). Overall, there would be many experiments possible if a sensitive and 
stable measurement technique allowed the monitoring of slow BM movements of the 
order of nanometers. The expected magnitude of the slow movements is of the order 
of tens of nanometers. The length of OHCs in vitro are easily capable of changing by 
many microns (whether prestin- or calcium-induced), although in vivo, the slow length 
changes would be smaller because of the mechanical loading of the OHCs by 
surrounding structures of the organ of Corti. This is at least 10-fold larger than the 
transverse movements of the organ of Corti needed to saturate the MET process 
(approximately 120nm; Patuzzi & Rajan, 1990). The electrophysiological data suggests 
that the slow oscillations seen during the LF bounce (or other cochlear perturbations, 
like potassium perfusion; Marcon and Patuzzi, 2008) produce equivalent 
displacements of the MET channels of many nanometers to tens of nanometres (Kirk, 
Moleirhino & Patuzzi, 1997; Rajan and Patuzzi, 1990; Patuzzi, 2011; O’Beirne, 2005). 
From first principles, given that the dynamic range of the MET channels is 
approximately 100nm, any process that keeps the system regulated would have to stay 
within that range (at the MET channels). Therefore, any technique to monitor 
autoregulatory OHC length changes needs to be capable of resolving tens of 
nanometres of BM movement, and have a dynamic range at least up to a few micron. 
Also, autoregulatory changes can occur within seconds and last many minutes (Patuzzi, 
2011), so the required technique should be able to resolve tens of nanometres of BM 
movement with time resolution of tens of seconds, but be stable for many tens of 
minutes. As will be seen, the technique developed in this study is easily capable of 
delivery that performance. Finally, feedback that maintains the operating point of the 
MET channels would manifest differently at the base of the OHCs if the feedback was 
an overall change in the OHC length: shortening of the cells that closed MET channels 
(an effective movement of the apex of the cells towards scala tympani) would produce 
a movement of the base of the cells towards scala vestibuli, and vice versa. Such 
feedback would also minimize the amount of bias of the OHC operating point, but add 
to the movement of the base of the OHCs. If the apex of the cells becomes hyper-stiff, 
their base becomes hyper-compliant. Success in measuring such slow movements in 
vivo allows the testing of such models. 

1.2 The history of basilar membrane measurements 

If it were possible to measure very slow movements of the BM, it would be 
important to do so in healthy cochleas in vivo, where any auto-regulatory mechanisms 
would be intact. It is likely that auto-regulation and slow movements would be 
different after cochlear trauma, such as can be caused by the surgical preparation for 
measurement. Historically, this was the case in the discovery of sensitive and nonlinear 
BM vibration and the active process (see Patuzzi, 1996). Much early hearing research 
was devoted to discovering the mechanism of the sensitivity and frequency selectivity 
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of  human  hearing,  as  had  been  observed  in  human  psychophysical  experiments  (see 
Patuzzi and Robertson, 1988). The discovery of sharp tuning in single auditory neurons 
in guinea pigs indicated the tuning mechanism was located in the cochlea, rather than 
higher  in  the  auditory  pathway,  yet  for  years  direct  measurements  of  the  organ  of 
Corti  vibration  showed  blunt,  insensitive  and  linear  mechanical  tuning.  Various 
theories  proposed  how  the  blunt  mechanical  tuning  could  be  sharpened,  including 
neural post-processing and mechanical DC shifts of the cochlear partition (‘the second 
filter’; Le Page, 1986). Although Rhode (1971) observed some nonlinearity and lability 
in his early work, it was not until direct BM vibration measurement was combined with 
very  careful  surgical  technique  that  the  true  nature  of  the  sharply  tuned  mechanical 
vibration  of  the  organ  of  Corti  was  observed  (Sellick,  Patuzzi  and  Johnstone,  1982). 
Even  then,  it  was  on  the  basis  of  only  a  handful  of  successful  experiments  that  this 
result  was  accepted,  due  to  the  susceptibility  of  cochlear  function  to  damage  during 
experiments, and the slow cumbersome nature of the measurement techniques.

  The surgical intervention required for any measurement technique and the speed 
of  measurement  are  crucial  in  determining  its  utility.  For  example,  preparation  for 
previous measurement techniques often caused a temporary threshold shift (TTS), due 
to the bone-conducted noise during the surgical opening of the bulla and cochlea. Even 
with  great  practice  and  techniques  to  minimize  surgical  trauma,  threshold  elevations 
of  >  10dB  after  cochlear  opening  were  common  (Sellick  et  al.,  1982),  although  on 
occasions losses of less than 3dB could be obtained (Patuzzi, private communication). 
Provided  the  surgical  noise  was  limited,  any  such  TTS  could  recover~1  hour  after 
opening. Unfortunately, while waiting for TTS recovery, cochlear temperature changes 
were  almost  inevitable.  Even  with  animal  core  body  temperature  regulation,  heating 
lamps  over  the  animal,  and  extensive  room  heating,  the  cochlea  cools  quickly  after 
bulla opening (Brown, 2002, 2006). This is indicated by changes in EP and spontaneous 
neural noise (SNN amplitude and waveshape) that can occur within 20 minutes of the 
commencement  of  surgery (Brown, 2002, 2006).  In  other  words,  a  measurement 
technique needs to be sensitive and stable, but also fast to implement.

  Importantly,  the  mechanisms  by  which  cochlear  damage  can  occur  during  any 
surgical  preparation  include  (i)  TTS/PTS  caused  by  bone-conducted  surgical  noise;  (ii)
hair bundle static bias that can occur with trauma or drainage of perilymph, or with the 
mixing  of  cochlear  fluids  after  surgical  trauma;  and  (iii)  there  can  be  a  drop  of  the 
endocochlear  potential  with  either  cochlear  cooling  and/or  surgical  trauma.  For 
example,  the  loss  of  the  active  process  with  ST  drainage  is  reflected  in  neural  tuning 
curves (Robertson, 1974) and BM vibration (Patuzzi et al., 1982). The sharp tip of the 
neural and mechanical tuning curve was reversibly lost after ST drainage, presumably 
due  to  static  bias  of  OHC  hair  bundles.  Similar  static  pressure  shifts  of  the  BM  must 
inevitably  occur  with cochlear  opening  and  RW  removal,  and  particularly  with  the 
radical  removal  of  the  top  of  the  cochlea,  which  was  a  standard  preparation  (e.g. 
Johnstone and  Boyle,  1967). Unfortunately, ST  drainage  was  necessary  for  several
direct BM measurement techniques (see Section 1.3).

1.3 Few techniques available for measuring slow movements

  While several techniques have previously been developed for direct measurement 
of BM movement (Figure 1.6), most are velocity-coupled (high-frequency) techniques, 
and  have  only  been  used  for  measuring  sound-evoked  audio-frequency  BM  vibration
(i.e. high-frequency tuning curves). They have not been used to measure very slow BM
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Figure1.6 Seven different techniques for measuring vibration of the organ of Corti. (A) Velocity- 
coupled techniques insensitive to very low frequencies include the Mossbauer technique and laser 
velocimetry. (B) Displacement-coupled techniques that are sensitive to very low frequencies but 
have so far had too much noise or drift are the capacitive probe, the light level, the parallax 
detector and the interferometer. (C) The technique developed in this study was the stabilised 
electrode resistance probe, which is sensitive to displacements and very low frequencies, and is 
sufficiently stable to observe very slow movements of the organ of Corti that may be associated 
with cochlear auto-regulation produced by outer hair cell motility. (Adapted from Patuzzi, 2009) 
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movements, as required for monitoring the slow autoregulatory movements suggested 
by  the  experimental  observations  described  earlier.  Some  of  the  previously  available 
techniques  are  displacement-sensitive,  but  they  have  been  used  in  AC-coupled  mode

to  measure  only  sound-evoked  BM  vibration.  That  is,  the  authors  have  explicitly 
removed  or  ignored  the  low-frequency  and  DC-components,  because  the  mechanical

noise or drift at these very low frequencies was far larger than the physiological signals 
of  interest,  and  could  over-drive  the  front-end  of  their  measurement  systems.  For 
example,  one  study  by Le  Page (1986) did  attempt  to  observe  slow  BM  movements, 
although not in the context of auto-regulation. Le Page was attempting to investigate 
putative static shifts of the BM during sound, once thought by some to be involved in 
producing sharp tuning and sensitivity of the organ of Corti (i.e. the ‘second filter’). In 
any  case,  the  extremely  large  artifactual  DC/LF  noise  in  Le  Page’s  direct  BM 
measurements  obscured  any  putative  physiological  BM  movements,  as  be  seen  in 
Figure 1.9.  Overall,  artifactual  drift  and  low-frequency  pulse  and  ventilation 
displacements  have  prevented  stable  BM  displacement  measurements  in  all  of  the

techniques  so  far  available,  and  reviewed  below.  It  should  be  noted  that  the  traces 
from  Le  Page (1986) and  Cooper (1999) reproduced  in Figure 1.9 are  the  only  direct

BM  measurement time waveforms in the  literature,  which  indicates  just how difficult 
such measurements are.

1.3.1 Hair cell and neural responses indicate BM movements

  OHC  hair  bundle  angle  (i.e.  OHC  active  process  gain)  can  be inferred  from  the 
neural  and  hair  cell  measurement  techniques  described  below  (Figure 1.6).  However 
there  remains  a  fundamental  ambiguity  in  all  of  these  techniques  (even  in  the 
Boltzmann  analysis of  CM) as  to  whether  the inferred  hair  bundle  angle  is  a  result  of 
passive BM displacement or active OHC length changes, or whether the changes occur 
at the hair bundle only, or whether it is due to movements of the whole organ of Corti. 
That  is,  if  OHC  hair  bundle  angle  is  the  regulated  variable  of  a  negative  feedback 
process,  monitoring  hair  bundle  angle  will  not  indicate  the  cause  of  any  change. 
Furthermore,  changes  will  only  be  apparent  when  the  negative  feedback  loop  is 
broken by experimental perturbations or by being driven beyond its dynamic range of 
regulation. The  OHC  operating point  changes  after  the  LF  bounce  are  consistent  with 
two  simultaneous  opposing  processes  (Kirk  Moleirinho  &  Patuzzi;  1997). Using
computer modeling, OHC active length changes have been shown to be necessary and 
sufficient  to  explain hair  bundle  angle  changes  in  response  to  various  experimental 
perturbations of cochlear gain (O’Beirne, 2005). However, to determine experimentally 
whether OHC auto-regulatory length  
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changes occur in vivo, a measure of BM displacement independent of the OHC 
apex/hair bundle angle was required. 

1.3.2 Velocity-sensitive measurement techniques 

1.3.2.1 The Mössbauer technique 

The Mössbauer technique for measuring atomic movements relies on the fact that 
the energy or frequency of a gamma ray emitted by an unstable nucleus is Doppler 
shifted in proportion to the velocity of the nucleus relative to a fixed observer. The 
amount of Doppler shift is measured by the modulation of the success of gamma ray 
absorption by other nuclei, tuned to similar frequencies and embedded in a crystal in 
the path of the emitted gamma rays. With the Mössbauer technique it is possible to 
measure movement down to atomic dimensions. The technique is based on the 
discoveries of Mössbauer in Munich, and was first used to measure vibration in the 
cochlea by Johnstone and Boyle (1967). It was with the Mössbauer technique that the 
first indications of nonlinear growth of BM vibration were measured (Rhode, 1971), 
and the sharp mechanical tuning curves and nonlinear growth of BM vibration were 
later demonstrated (Sellick et al., 1982). Their technique involved opening the cochlea, 
temporarily draining the perilymph, and placing a speck of gamma emitting metal on 
the BM. This success came in spite of the technical difficulties of the technique: it was 
highly nonlinear with a dynamic range of 30dB or less, inherently noisy (because of the 
stochastic nature of gamma ray emission). This required long averaging times during 
which cochlear function was constantly declining. Each determination of a single 
vibration amplitude required collection of a histogram of scintillations phase-locked to 
the stimulus frequency for each stimulus for at least 100 seconds. As a result, a typical 
mechanical tuning curve took at least 40 minutes to obtain. The velocity-coupled 
nature of the Mössbauer technique also renders it useless for the detection of very 
slow movements. Overall, the inordinately long averaging times required for the 
Mössbauer technique and its inability to measure very slow movements should be 
remembered when considering the strengths and weaknesses of the new technique 
presented in this study. 

1.3.2.2 Doppler velocimeters 

Doppler velocimetry was developed from commercial laser Doppler anemometry 
for detecting particle flow. Like the Mössbauer technique, the technique is intrinsically 
velocity-coupled. It has the advantage that it requires no radioactive source, and it has 
a wider linear dynamic range (>60dB and >160dB (Ruggero and Rich, 1991; Nuttall et 
al., 1991). Nevertheless, like the Mössbauer technique, Doppler velocimetry requires 
the placement of a target or source on the BM, and the mechanical coupling of that 
target to the BM. Unfortunately, the mass-loading of the BM by the target can 
potentially be complex and modify the BM's mechanical response (Sellick, Patuzzi and 
Johnstone, 1983). Moreover, the experimental success rate of both the Mössbauer 
technique and the Doppler velocimeter techniques was reduced by difficulties in 
placing the required target/source on the appropriate BM location. 

1.3.3 Displacement-sensitive measurement techniques 

1.3.3.1 Capacitive probes 

Developed by Wilson for auditory research in 1973, the capacitive probe measured 
the displacement between the conducting probe tip and the electrically conductive 
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BM, by monitoring the amplitude of a 1MHz capacitive current passing through the 
probe tip and the intervening air to the moving conductive target (Wilson, 1973; 
Wilson and Johnstone, 1975). The changes in capacitance around the probe tip as the 
conducting BM (or rather the perilymph meniscus covering the BM) moved relative to 
the tip changed the amplitude of a 1MHz probe signal (i.e. capacitive coupling between 
the tip and the nearby BM partially shorted-out the radio frequency signal to ground). 
Drainage of the perilymph was later found to decrease cochlear sensitivity by up to 
70dB (Robertson, 1974; Le Page and Johnstone 1980; Le Page, 1987; Patuzzi and 
Sellick, 1983), and was abandoned when laser interferometry (see below) became 
readily available. The capacitive probe was DC-coupled, and so was sensitive to 
artifactual drift, particularly artifactual probe-to-target movement as the meniscus of 
the drained perilymph changed when perilymph returned to the cochlea, or as it 
evaporated and re-condensed onto the probe tip. When used to measure audio-
frequency BM vibration, this drift was compensated by previous researchers by 
manually moving the probe tip with a microdrive to keep the probe in its sensitive 
range, essentially velocity-coupling the technique during experimentation (Wilson and 
Johnstone, 1974). The buildup of condensation on the probe tip was also a significant 
source of artifactual drift. As a result, AC-coupling with time constants up to 100 
seconds were used to reject these slow drifts, so BM movements slower than 20Hz 
were not reported. 

The same capacitive probe technique was used by Le Page (1987), AC-coupled 
above 4 Hz, to look for DC-shifts of the BM during prolonged tone bursts as a 
mechanical correlate of the summating potential (SP) of the IHCs, part of a putative 
‘second-filter’ mechanism of BM tuning. Although the high-frequency noise floor of the 
capacitive probe was 1nm pp after high-pass filtering (Le Page & Johnstone, 1980), the 
slow thermal drift and physiological movements of the animal’s head without sound 
presentations was not measured (i.e. there were no control experiments performed to 
determine how many or how much of the measured "BM movements" were actually 
whole-animal movements). Averaging of responses was also not performed. 

1.3.3.2 Light levers 

Light levers can measure nanometer displacements of reflective targets by 
focusing a non-coherent light source onto the target, and monitoring the change in the 
total amount of light that is reflected back to photodetectors immediately above the 
illuminated spot (Cook & Hamm, 1979). The technique was used by Le Page (1989), 
once again to monitor putative sound-evoked BM displacements involved in the 
‘second filter’. The light lever worked under perilymph, but required a reflective BM 

target (e.g. Alfoil), and the large combined light source/sensor (300-400m in 

diameter) had to be lowered through the cochlear opening to within 80m or less 
from the BM (Le Page, 1989), which may have disrupted cochlear fluid and pressure 
balance. As with all the displacement-coupled BM measurement techniques to date, 
the BM displacement signal was probably overwhelmed by artifactual drift, pulse and 
ventilation displacements. Raw displacement traces show displacements 

(‘spontaneous activity’) of 1-2m, and apparent drifts of the order of 5-10m per 
minute (LePage, 1989). These movements may have been ventilation movements of 
the animal’s whole head, because internal controls of animal head movement were 
not shown.  
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1.3.3.3 Parallax detectors 

Parallax detectors shine non-coherent light onto a BM target, which reflects light 
back to a differential photodiode. Unlike light levers, the lateral deflection of the 
reflected spot, detected by a two- or four-quadrant differential photodiode, was used 
as a measure of target displacement (Jones and Richards, 1959; Kelly, 1976 ‘lateral 
effect photodiode’). The technique easily had sub-nanometre resolution in non-
biological systems (Jones and Richards, 1959), but when applied to BM measurement, 
the resolution was only sufficient to measure sound-evoked BM vibration at high 
sound levels, and was insufficient (by only ~20-30 fold) to resolve the non-linear 
mechanical behaviour of the BM near the tuning curve tip (Yates, unpublished; Patuzzi, 
private communication). SNR was limited by the limited light output of LEDs at that 
time. Improvements in LED technology have since increased LED light output ~100 
fold, which would allow measurement of BM movements at close to nanometer 
resolution. Even if the parallax detector were used with modern ultra-bright LEDs, 
there would still be a need for the stabilization techniques presented in this study. 

1.3.3.4 Laser interferometers 

Laser interferometry measures BM displacement by measuring the interference of 
a coherent light beam reflected off the BM with a reference beam of either the same 
frequency (homodyne interferometry) or frequency-shifted (heterodyne 
interferometry). Interferometry is not intrinsically velocity-coupled, but the transfer 
function of the output (i.e. light incident on the photodetector versus BM 
displacement) is a periodic function, with a period of a half of a wavelength (creating a 
full wavelength change in incident plus reflective path length; Lukashkin et al., 2005). 
As such, the pseudo-linear sensitive dynamic range (‘quadrature’) is limited to 1/8 and 
¼ of a wavelength in homodyne and heterodyne systems, respectively (i.e. 80nmpp 
and 160nmpp; Lukashkin et al 2005; Mammano and Ashmore, 1995). Maintaining AC 
sensitivity in the face of aperiodic drift (of the order of microns per minute) and low 
frequency pulse and ventilation artifacts (>200nmpp) then becomes problematic 
(Cooper and Rhode, 1992; Mammano and Ashmore, 1995; Lukashkin et al, 2005). 

There are two strategies for dealing with this problem. The first is to allow drift to 
occur, and to either (a) use the interferometer in velocity-coupled mode, monitoring 
AC sensitivity continuously with a known calibration movement and measure only high 
frequency vibrations, ignoring displacement (Lukashkin et al., 2005); or (b) to keep 
track of drift by counting zero crossings (‘fringe counting’) of the periodic transfer 
function (Cooper, 1999; Giuliani et al., 2002). The second strategy is to mechanically 
compensate for drift by adjusting the BM-interferometer distance with feedback 
(Mammano and Ashmore, 1995; Murugasu and Russell, 1995). However, the 
limitations of these strategies for long-term (~1 hour) BM displacement measurements 
is borne out in the literature: the longest displacement measurement trace shown in 
the literature is only 2.5 seconds (Cooper, 1999). Fringe counting to monitor BM 
displacement “was disappointing as general animal motion caused an overwhelming 
baseline noise level” (Nuttall, Dolan, Avinash, 1991). 

Similarly, even with short (16ms) recording epochs and manual adjustment of drift, 
Cooper and Rhode (1992) found that low-frequency artifactual movements dominated 
displacement recordings in vivo. Raw displacement data were not directly relevant to 

their study, but averaged displacement traces did show a drift rate of 0.3m/sec 

(1.8m/minute). The source of some of these movements was presumed to be pulse 
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and ventilation artifacts (‘low-frequency movements diminished markedly within a few 
minutes of death’), but ‘direct observations of the low-frequency movements (using 
the oscilloscope) generally implied the movements to be aperiodic’. Their results could 
be explained if their thermal drift was much larger than the pulse and ventilation 
movements. In our experience, the pulse movements are typically 200nmpp and 
ventilation movements are typically ~1/2 to 1um, respectively. Cooper and Rhode’s 
skull movements may have been minimized by bone-screw clamping the skull to brass 
earbars, but thermal drift would have remained. 

Using continuous feedback drift compensation in vitro, Mammano and Ashmore 
(1995) could maintain quadrature (i.e. drift less than 160nmpp) for long enough to 
perform averaging of high-frequency (100Hz-10kHz) BM movements in epochs tens of 
seconds long. In that study, DC drift was sampled at a rate of 10-20Hz, but only 
corrected within ~0.5 seconds (2Hz) due to software latencies in the feedback loop. 
This was fast enough to compensate for thermal drifts in vitro, but (in our experience) 
would have been insufficient had the authors tried to measure in vivo and attempted 
to correct for ventilation and pulse artifacts (~1Hz and ~3Hz, respectively, plus 
harmonics). This correction for pulse and ventilation movements would be impossible 
without significant improvements to the latency of their feedback process and/or the 
frequency response of their interferometer actuator. 

1.3.3.5 Self-mixing interferometry 

A disadvantage of many interferometer techniques is that they need a highly 
reflective target to maximize SNR. Dropping a target onto the desired part of the organ 
of Corti can be very ‘hit and miss’, and moving the target once on the BM can damage 
sensitivity in that region (Patuzzi, private communication). The need for highly 
reflective BM targets has been obviated by SNR improvements in heterodyne laser 
interferometry (Cooper, 1999), and by the advent of self-mixing homodyne laser 
interferometry (Giuliani et al., 2002; Lukashkin et al., 2005; Kossl and Russell, 1995; 
Legan et al., 2000). In self-mixing laser interferometry, the interference of the 
‘reference beam’ and the reflected light occurs within the lasing cavity itself. The 
changes in lasing intensity are detected by an on-board photodiode (Lukashkin et al., 
2005). The self-mixing effect creates changes in lasing power can be detected with as 
little as 10-12 of the original beam reflected back into the laser cavity, which allows use 
on surfaces with poor reflectivity (Giuliani, 2002; Kössl and Russell, 1995). Lukashkin et 
al., (2005) exploited the on-board photodiode of a retail laser-pointer to produce a 
cost-effective BM displacement probe with ~1nm sensitivity (raw). Self-mixing laser 
interferometry shares the disadvantages of standard interferometry (i.e. nonlinear 
periodic transfer function, limited pseudo-linear dynamic range, and susceptibility to 
drift), and has not so far been used to measure very slow DC BM movements in vivo, 
but this could conceivably be done if drift issues could be addressed, for example using 
the ultra-stabilization presented here in Chapter 6. 

If interferometry were to be used to monitor homeostatic BM movements, 
automatic continuous drift compensation via negative feedback would allow 
displacement to be measured by data logging the displacement compensation 
feedback signal. However, this feedback signal would be the sum of artifactual drifts 
and the true physiological BM movements, with the former likely to be many factors 
larger than the latter. Therefore, differential measurement of BM displacement to 
bulla or spiral lamina displacement would be required, from which the true 
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physiological BM movement could be calculated (Nuttall et al., 1991), as we have done 
in this study. 

In summary, the ultra-stabilization system presented here would be useful in all of 
the available BM measurement techniques. Our stabilization process has succeeded 
where others have failed, largely because we changed from a software 
implementation to hardware for PID feedback control (see Section 6.3), and we have 
been stringent and systematic in correcting technical problems as they were 
discovered. 

1.4 Specifications of any new measurement technique 

1.4.1 Importance of an intact cochlea 

If there is one lesson to take from the history of direct measurements of BM tuning 
curves and nonlinear intensity growth functions, it is the importance of the 
physiological condition of the cochlea. To this end, any technique able to resolve these 
small and slow regulatory changes should: 

i) not require perilymph drainage that disturbs cochlear volume and pressure 
balance; 

ii) preferably approach through an intact round window (i.e. no cochlear opening), 
again to avoid cochlear volume and pressure disturbances and the possible trauma 
of a cochlear opening. Although sharp tuning curves can be obtained with careful 
cochlear opening, it does cause significant CAP threshold elevation that worsens 
over time (>10dB within 30 minutes to 2 hours after opening; Sellick et al 1982); 

iii) not require a BM target (to improve success rate). Not only can the target 
mechanically load the organ of Corti (Sellick, Yates and Patuzzi, 1983), but targets 
often land in inappropriate locations on the BM, and attempts to move the target 
can produce local loss of sensitivity (Sellick et al., 1982). Dropping a target onto 
the BM also requires temporary perilymph drainage; 

iv) require only simple surgery (to reduce surgical duration, during which cochlear 
condition declines, due to endocochlear potential run-down, cochlear cooling, 
etc.). 

1.4.2 Displacement-coupled but drift-free 

With regards to the instrumentation, any new technique would also require 
displacement sensitivity (i.e. it would be ‘DC-coupled’), and either (i) prevent drift 
between the bulla and the BM displacement sensor (that would otherwise produce 
non-physiological displacement signals), or (ii) allow and continuously record drift 
between the bulla and the displacement sensor, so that this non-physiological drift 
could be subtracted from the net displacement signal. 

Accepting the fact that some degree of relative drift between the displacement 
sensor and the bulla was inevitable, the choice between these two strategies 
depended on the non-linearity and dynamic range of the BM measurement technique. 
If the technique had a dynamic range equal to or larger than the artifactual drift of the 
animal’s skull, then a measurement of BM and bulla displacement would suffice. If not, 
the animal’s skull would need to be actively stabilized so the displacement probe 
would remain in its sensitive range. 
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Our novel DC-coupled BM displacement probe technique (see Chapter 7) had a 

dynamic range of over 1m. This was wider than the techniques described above, and 
still larger than the physiological and artifactual movements in vivo, so a skull 
displacement measurement system with an active feedback stabilization system was 
developed.  

1.5 Overview of the electrode probe and active stabilization 

1.5.1 Sub-systems required 

The technique presented here consisted of a direct BM measurement probe (a 
glass micropipette), a skull displacement probe (an optic probe coupled to a shadow 
whisker), and an active feedback stabilization system to minimize head movement. For 
convenience, these subsystems are listed immediately below, and are described in 
detail later. For each sub-system, the high-frequency mechanical and electrical noise 
floor, the frequency response and the slow electrical and mechanical drifts and noise 
had to be characterized, and minimized. 

(a) vibration isolation and electrical shielding 

(b) sound stimulation 

(c) analog ventilator including ECG synchronization  

(d) head holder 

(e) head actuator (V4 mini-shaker, power amplifier, stiffeners) 

(f) positioning system (micromanipulators, fine optic probe positioning, feed-forward 
positioning) 

(g) optic probe (photodiodes, LED illumination, shadow optics, amplification, heat sink, 
calibration) 

Figure 1.7 depicts the subsystems in relation to the animal, and the photographs show

the view of the round window and cochlear through the operating microscope.
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Figure  1.7.  To  measure  slow  nanometre  movements  within  the  living  cochlea,  the  animal's  skull 
first  needed  to  be  stabilized.  We  accomplished  this  stabilization  by  developing  a  low-noise  optic 
probe to detect movements of the skull, and then used the signal from this probe to  control the 
animal's head movement via a large electromagnetic actuator (the V4), which continuously moved 
the head in the opposite direction to its inherent unwanted movements. This process is known as 
PID negative feedback stabilization (see text). Once the head was stabilized, we then used a novel 
displacement probe within the cochlea, based on the simple principle that the microscopic opening 
at  the  tip  of  a  glass  microelectrode blocks  in  a  reproducible  and  graded  manner  when  the  tip  is 
brought into contact with the target. The combination of the ultra-stabilization and the use  of 

the novel displacement probe allowed us to measure slow nanometre movements in the living 
inner ear,  as a  first  step  in  investigating the auto-regulation  processes that  maintain our hearing 
day  to  day. The  photographic  inserts  show  the  animal  adjacent  to  the  measurement  equipment, 
with its head sitting on the stabilizing V4 actuator (upper insert), and a close-up of the opening into 
the  middle  ear,  showing  the  view  through  the  round  window  of  the  cochlea,  with  the  glass 
microelectrode touching the basilar membrane at the same time as the stabilizing probe touches 
the lateral semicircular canal in the middle ear. 
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(h) PID feedback (move from digital to analog)

(i) electrode  probe  (electrodes,  stable  amplification,  current  injection,  demodulation,
calibration)

(j) recording systems (DC and AC systems; AM modulation and demodulation)

(k) software and analysis processes

1.5.2 Chronology of sub-system development

  The  development  of  each  of  the  sub-systems  was  necessarily  iterative,  with 
improvements in one subsystem enabling improvement in another. The chronology of 
sub-system  development  is outlined  in Figure 1.8. While  many  of  the  developments 
were  relatively  straightforward  extensions  on  previous  work,  the  decision  to  use  a 
glass microelectrode as the BM displacement probe deserves recognition. The original 
prototype of  a BM  probe was  based  on  a capacitance  probe,  and  was  developed  in 
collaboration with an Honours student, Rebecca Menzies. This initial capacitive probe 
prototype  was designed  to  work  under saline  or perilymph,  which is  possible  at 
sufficiently high frequencies if the target is an insulating surface, so that the capacitive 
probe  works  in  reverse,  detecting  the  decrease  in  capacitance  as  it  approaches  the 
insulating target. In considering the ways that such an inverse capacitive probe might 
be  improved  to  operate  within  the  cochlea,  and  how  it  might  be  fabricated  to  be 
sufficiently  small  using  a  glass  microelectrode  as  a  starting  point,  it  was  realized  in 
group  discussion  that  the  resistance  blockade  of  a  glass  microelectrode  on  the  BM 
surface  might  offer  an  alternative  to  a  capacitive  effect.  As  a  result,  the  initial 
capacitive  probe  prototype  was superseded  by  the  glass  micropipette  electrode 
technique.  The  glass  microelectrode  had  many  advantages  over  the  inverse 
capacitance probe, including being easier to insert into the cochlea.

  Overall,  in  any  sub-system,  electrical drift  had  to  be  eliminated/reduced  before 
thermal  or  mechanical  drift  could  be  fixed.  In  the  same  way,  improvements  of  the 
electrical  noise  floor  of  a  sub-system  necessarily  preceded  mechanical  noise  floor 
improvements.  Similarly,  improvements  of  noise  floor  and  drift  of  one  sub-system 
allowed that of other sub-systems to be characterized and then reduced or eliminated, 
e.g. the eventual sub-nanometre noise floor of the optic probe revealed problems with 
table  vibration  isolation.  Building  vibration  transmitted  to  the  experimental  table  top 
had  been below the  electrical  noise  floor  of  the  optic probe. As  acknowledged  in  the 
chronology  of Figure 1.8,  the  improvement  of  each  subsystem  had  to  wait  for 
improvements  in  other  sub-systems,  so  that  the  whole  development  occurred
between 2012 and 2017.

1.5.3 Comparison with other techniques (interference/drift)

  To  provide  a  perspective, Figure 1.9 compares  the  drift  and  physiological 
displacement noise of the present technique with that of other previous displacement- 
coupled  techniques.  It  is  important  to  note  that  while  other  authors  have  used  DC- 
coupled  techniques,  Cooper (1999) and  Le  Page (1986,  1989) are  the  only  authors  to 
show  raw  DC-coupled  time-domain  waveforms  of  BM  movement.
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Figure 1.8. Chronology of the development of the subsystems in this study. As noted in the text, 

improvements in one area enabled improvements in others, so that he entire development took 

over three years. 
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As  such,  their  examples  constitute  the  best  low-frequency  mechanical  and  electrical 
noise  floors  available.  Even  where  authors  have  developed  DC-coupled  techniques, 
there  has  been  limited  use  at  low  frequencies  because,  even  if  the  technique  had  a 
good  SNR  at  low  frequencies,  low-frequency  measurements  were  plagued  by  low- 
frequency  interference  and  slow  mechanical  or  electrical  drift.  For  example,  because 
the capacitance probe was DC sensitive, the detection process was extremely noisy in 
vivo, requiring filtering with extremely long time constants up to 100 seconds. That is, 
while  the  authors  did  not  explicitly  acknowledge  it,  their  DC-coupled  technique  was 
almost useless  at  very low frequencies. To  put their problems  in  perspective,  even  in 
our  case after problems  of artifactual drift  and  movement  were  minimized  using  our
ultra-stabilization process, physiological pulse and ventilation movements of the whole 
animal remained between 100nm to 1m.

  Figure 1.9 presents  a  direct comparison  of  the  drift  and  artifact  problems  in  all 
comparable  studies  of  slow  basilar  membrane  movements.  All  traces  have  the  same 
vertical  and  horizontal  scales. Figure  1.9A  presents  results from  Le  Page  (1989)  who 
used  a capacitive  probe  to  monitor  basilar  membrane  movements  in  the  guinea pig 
basal  turn,  without measurements  from  the  skull.  These  early  results  were  clearly 
hampered by slow drift, and respiratory and pulse movements of the whole head (the 
sample shows about half of the entire Le Page trace). Figure 1.9B presents later results 
from  Cooper  (1999), who  used  heterodyne  laser  interferometry,  showing  improved 
respiration  and  pulse  artifacts,  but  also  suffering  from  drift  which  moved  the 
instrument outside its dynamic range within seconds (the trace here is the longest ever 
reported by Cooper and is only a few seconds long).Figure 1.9C presents results from 
this  study  without  head  stabilization, and  using  the  standard  veterinary  respirator, 
showing  ventilation  and  pulse  artifacts  similar  to  Cooper.  Figure  1.9D  presents  later 
results  from  this  study  using  the  new  ventilator,  improved  headholder  and  active 
stabilization.  Without  stabilization  the  ventilation artifacts were  already  better  than 
Cooper and, with stabilization (to  the  right,  marked  'PID  ON'), the  artifacts  were 
reduced significantly, in both the skull movement (upper trace, from optic probe) and 
the basilar membrane (lower trace from optic probe). The high-frequency signal on the 
lower  BM  trace  was  due  to 200Hz acoustic  stimulation  was  not  present  in  the  bulla 
movement,  and  not  removed  by  stabilization. Figure  1.9E  presents  a  panoramic 
example, after improvements in all equipment, where the noise floor, sensitivity, drift 
and artifact reduction had improved to the point where slow movements of the basilar 
membrane could be recorded reliably over many minutes (here about 20 minutes, and 
even  then  it  is  not  clear  whether  the  drift was physiological or  from  the equipment). 
The  grey trace underlying the black curve of Figure 1.9E is the displacement response 
with acoustic stimuli and residual ventilation artifact, while the black curve is the same 
data with these faster movements removed with low-pass filtering. Many of the slow 
movements were not low-frequency noise or drift, but were very slow displacements 
evoked  by  acoustic  stimulation  (as  indicated here,  and  described  in  more  detail  in 
Chapter  9).  It  is  not  yet  clear  whether  these slow movements  (some  of  which  were 
oscillatory) were related to the low-frequency bounce phenomenon which was one of 
the main focuses of this study. 
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Figure 1.9. Comparison of the drift and artifact problems in all comparable studies of slow 
basilar  membrane  movements  (all  traces  have  the  same  vertical  and  horizontal  scales). 
Results  from  Le  Page  (1989)  who  used  the  capacitive  probe  technique  to  monitor basilar 
membrane  movements  in  the  guinea  pig  basal  turn,  without  stabilization  or  control 
measurements  from  the  skull.  These  early  results  were  hampered  by  slow  drift,  and 
respiratory and pulse movements of the whole head (the sample shows about half of the 
entire  Le  Page  trace).  (B)  Later  results  from  Cooper  (1999)  who  used  heterodyne  laser 
interferometry,  with  improved  respiration  and  pulse  artifacts,  but  drift  which  moved  the 
instrument outside its dynamic range within seconds (the 2 second trace here is the longest 
reported  by Cooper). (C) Results from this study  without  head stabilization  and  using  the 
standard veterinary respirator, with ventilation and pulse artifacts similar Cooper. (D) Later 
results  from  this  study  using  the  new  ventilator,  improved  headholder  and  active 
stabilization.  Without  stabilization  the  ventilation  and  pulse  artifacts  were  already  better 
than  Cooper,  and  with  stabilization  the  artifacts  were  reduced  significantly,  in  both  the 
skull movement (upper trace) and the electrode detection of basilar membrane movement

(lower  trace).  The  high-frequency  signal  on  the  lower  BM  trace  was  due  to  acoustic 
stimulation at 200Hz that was not present in the bulla movement, and was not removed by 
stabilization. The most stark comparison is between the earlier work and the traces in (D)

with  the  stabilization  on  ('PID  ON'). (E)  With  improvements  in  all  components  of  the 
equipment,  the  noise  floor,  sensitivity,  drift  and  artifact  reduction  improved  so  basilar 
membrane  could  be  recorded  reliably  over  many  minutes  (20  minutes  in  this  case). Grey 
trace  is  the  displacement  response  with  acoustic  stimuli  and  residual  ventilation  artifact 
included, while the black curve is the same data with these components removed with low- 
pass filtering.  Many  of these slow  movements  were not  low-frequency  noise or  drift, but 
were slow displacements evoked by acoustic stimulation (see Chapter 9). 
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1.6 Addendum: Ultrastructure of the basilar membrane 

On contacting the basilar membrane from the scala tympani side, the electrode tip 
would first encounter a single layer of basilar membrane tympanic cells, below which is a 
non-cellular layer consisting of amorphous ‘cottony ground substance’ interspersed with 
filaments approximately 10 nm diameter, that run between the spiral ligament and the 
spiral lamina (Iurato, 1967). Below this ground substance layer is a 20 nm-thick basement 
membrane, which separates the basilar membrane from the cells of the organ of Corti 
(Iurato, 1967). Therefore, the electrode tip used in the present study was presumably 
separated from the cells of interest (the outer hair cells) by Deiters’ cells (see Section 1.1.1) 
and the aforementioned basilar membrane. The cell layer on which the microelectrode 
would ‘block’ (i.e. increase resistance) must be the tympanic cells of the basilar membrane, 
which directly face scala tympani (Iurato, 1967). 

  



2 The optic probe for head stabilization 

2.1 Development required stabilization and iteration 

The development of the subsystems to measure slow organ of Corti movement 
required improvements in the vibration noise floor and drift of our experimental 
environment, but these improvements first required the development of a stable and 
sensitive optic displacement probe. Each improvement of the probe's noise floor 
revealed smaller and smaller mechanical vibration and drift sources that could 
progressively be eliminated, again revealing the need for an improved optic probe 
noise floor, and so on. As a result, the improvement of the optic probe and the 
mechanical testing environment were iterative. The timeline shown earlier in Figure 
1.8 highlights that iterative development. We also knew from the outset that active 
stabilization of the skull would be necessary, and we therefore began with the 
assumption that two DC-coupled probes would be required: one for the skull (the optic 
probe), and one for the BM (the microelectrode probe). 

As discussed in Section 1.3, artifactual physiological skull movements and slow 
thermal/mechanical drift between the measurement probe and the animal have been 
a long-standing problem in direct BM measurements. In this study, the displacement 
sensitivity of the glass microelectrode resistance probe for the BM measurement (see 
Chapter 7) was no exception. In the end, although our resistance probe had a wider 
dynamic range than some other displacement-sensitive BM measurement techniques, 
we still required careful micromanipulator design to minimize thermal and other 
mechanical sources of drift between the skull and the electrode probe tip. Even then, 
because of the long time course of the expected slow OHC auto-regulatory movements 
(tens of minutes), we expected that significant thermal drift would occur over the 
measurement time. Moreover, while pulse and ventilation movements may obscure 
the expected BM movements in the raw trace, they are at least repetitive and 
predictable. On the other hand, slow artifactual thermal drifts are not repetitive, nor 
do they follow a predictable trajectory. They can also occur over many tens of minutes, 
with a time course similar to the putative OHC auto-regulatory movements with which 
they may be confused. To distinguish between the physiological BM movements of 
interest and any equipment drift it would be possible to simply monitor and subtract 
any skull displacement, except that the slow drift of the skull (i.e. tens of microns) 
could be larger than the dynamic range of the BM resistance probe (i.e. tens to 
hundreds of nanometres), causing clipping of recordings and failure of a simple 
subtraction algorithm. As discussed in Section 1.3, other authors have avoided this 
problem by making brief BM measurements (seconds-long), or they also adjusted the 
position of their measurement probe minute-by-minute to keep it in its sensitive 
range, and averaged over repeated physiological movements. Unfortunately, the small 
and prolonged nature of the expected auto-regulatory OHC movements meant that we 
did not have this luxury of manual correction and repeat experimentation, and we had 
to aim for sufficient stability to measure nanometre movements with an electrode 
probe with perhaps 100nm or so of dynamic range. That is, we required better 
stabilization than could be provided by just good design of the mechanical equipment, 
and required active stabilization of the head relative to the microelectrode probe. 
Importantly, as shown in Figure 2.1, the optic probe and the microelectrode BM 
resistance probe were mounted within millimeters of each other, on a solid brass 
baseplate mounted onto the main vertical stage of the micromanipulator, so that  
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Figure 2.1. The final incarnation of the probe assembly with the animal's head normally 
positioned near the bottom left-hand corner ("head here"). Shown are the XYZ manual 
manipulators (with the main vertical stage facing the camera) which were mounted on a 
magnetic base. The elongated optic probe sits horizontally with its photodiodes and its 
protruding shadow whisker to the left, and the low-noise optic preamplifier hanging below 
(for display only). The illumination LED and its long brass heatsink are obscured by the optic 
probe, with the LED is immediately adjacent to the photodiodes. The horizontal length of the 
probe was determined by the length of the wire shadow whisker, and the mechanical 
constraints of the optic probe's fine adjustment process. The microelectrode (which acts as 
the BM displacement probe) would be mounted vertically downward to the left, with its tip 
resting within millimetres of the optic shadow whisker. Vertical movement of the probe 
assembly was done with the vertical micrometer to the right. Fine vertical adjustment of the 
optic probe whisker was achieved with the upper horizontal micrometer, which biased the L-
shaped brass lever arrangement against the front end of the optic probe (via a low- friction 
brass leaf contact). This caused the whole optic probe assembly to pivot around its leaf spring 
suspension, moving the optic whisker up and down. 
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there could be little vibration or thermal drift between the two of them. The final 
design of the optic probe and the associated microelectrode probe assembly is shown 
in Figure 2.1. 

2.2 Optic probe overview 

The sensitivity and low-drift of our optic displacement probe was achieved with an 
ultra-bright light source, differential light detection at the front end (using BPX48 
differential photodiodes), and optimization of the pre-amplifier's electrical noise floor 
(by using a fast and low-noise AD8429 differential instrumentation amplifier). The 
circuit diagram of the final optic probe and post-amplifier designs are shown in the 
Appendix. The BPX48 differential photodiodes shared a common cathode, and were 
used in photovoltaic mode in our system. The ultra low noise instrumentation 
amplifier (AD8429) subtracted the output of the two differential photodiodes, and 
because the AD8429 had a very high gain-bandwidth product and was therefore prone 
to oscillation in the MHz range when driving a long cable out of the sound proof room, 
a 430 Ohm resistor at the AD8429 output served as a radio-frequency blocking resistor 
that quenched the tendency to oscillate. The development of this final design with its 
low noise floor, wide bandwidth and wide dynamic range was also iterative. 

Overall, Figure 2.2 shows the major steps in the evolution of the optic probe. 
Briefly, the use of the differential photodiodes reduced the electrical drift present in 
our earlier sensors, and the drift due to slight changes in ambient light level. Careful 
design of the optic probe-mount and holder also minimized thermal drift and other 
sources of mechanical drift. Sensitivity of the probe was progressively improved by 
increasing the light flux falling onto the photodiodes in various ways, and by using the 
extremely low-noise pre-amplifier chip. Mechanical amplification of skull movement 
using a lever whisker (Figure 2.2C) also improved sensitivity, but this improvement was 
counterproductive when used in vivo, because the lever whisker formed a mechanical 
resonator which prevented stable feedback to clamp the head position. Once the 
problem of resonance in the mechanical lever was avoided by abandoning the lever 
and its mechanical gain altogether, the probe sensitivity was restored by increasing the 
light level further, and by using a LED device with a wavelength that better matched 
the peak sensitivity of the BPX48 photodiodes (a reverse gull wing infrared LED; Vishay, 
VSMY2850RG). In this way we regained the 10-fold amplification that was lost by 
abandoning the mechanical gain of the lever whisker. 

2.3 Characterizing the optic probe 

2.3.1 Optic probe transfer function 

In determining the noise floor of the optic probe, we have expressed the probe 
output in equivalent nanometres of movement, and this required that we calibrate the 

probe in displacement units. To do so, 25m calibration steps were produced by 
manual movements of the optic probe relative to a temporary shadow whisker  
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Figure 2.2. (A) The initial probe prototypes lowered the photodiode sensors and LED illuminator 

over a fixed U-shaped shadow whisker secured to the experimental table. It was from these early 

prototypes that the need for differential photodiodes and the problem of drift due to  thermal 

expansion of the LED became obvious. Initially it was thought that a U-shaped shadow whisker 
might be glued to the skull, but it soon became clear that this would be too onerous while also 

landing the BM probe within the cochlea, and keeping both probes aligned and within their 

dynamic ranges. (B) The sensitivity, signal-to-noise ratio and usability of the optic probes were all 

improved by the shadow whisker within the probe itself, and by lowering the probe's whisker 
onto the skull target. This generation of optic probes had the LED and differential photodiodes 

within a brass enclosure, to shield them from ambient light and electrical interference, and the 

instrumentation amp was close to the photodiodes. Various LEDs were tried, progressively moving 

to high-power infrared units, but in all the light intensity and so signal-to-noise ratio were too low. 

(C) The sensitivity was improved by suspending the whisker on a metal leaf spring fulcrum, so that 

an upward movement of the skull produced a downward and magnified movement of the other 

end of the whisker, on the opposite side of the fulcrum. Although a 10-fold increase could be 

obtained, such lever-whiskers were troubled by mechanical resonance, and were abandoned for a 

pivot whisker with even higher light intensity. (D) The final optic probe had a  pivot whisker, and 

increased LED intensity by redesigning the LED driver circuit so that the LED's cathode leads could 

be earthed, allowing cooling by heat conduction through the cathode leads to a thick brass 

heatsink along the probe's length. The LED current (200mA) could now be twice the 

manufacturer's design limit without short-term damage (we have never changed the LED). 
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using  a  Narashige  micromanipulator,  as  shown  in Figure 2.4.  The  resulting nonlinear 
transfer  function as  the  optic  probe  was  lowered  over  a  fixed  shadow  whisker  had a 
falling phase as the whisker's shadow fell first across the lower photodiode of the pair
(see  insets),  then  the  main rising phase  as  the  shadow  fell  across  both  photodiodes 
differentially, and then a further falling phase as the shadow left the upper photodiode
(in  Figure  2.4 the  optic  probe  direction was  then  reversed with  the probe  rising  as  a 
cross-check  of  the  initial  downward  movement).  From  these  measurements  the 
maximum sensitivity of the optic probe on the steepest part of the transfer curve (the 
midpoint)  was about  10V/mm. When  the  illumination  was  increased  to  maximum
(from  2mA  to  200mA  when  in  use  for  PID  control)  the  optic  probe's  sensitivity  was
much higher, so that the signal delivered to the PID control input via the optic probe's 
post amp had a sensitivity of 30nm/V or 35V/m.

  In  our  final  design,  the  noise  floor  of  the  optic probe  was  also  dominated  by  the 
mechanical  vibration  of  our  experimental  table  (at  low  frequencies; Figure 3.3).  The 
electrical noise floor was even lower and equivalent to only a fraction of a nanometre 
equivalent),  which  was  lower  than  the  vibration  noise  floor,  as  indicated  by 
temporarily replacing  the  pivot  whisker  with  a  short  and  approximately  immobile 
shadow whisker of the same cross-section, soldered to the probe itself. The following
sections describe how this low measurement noise floor was achieved.

2.3.2 Optical noise floor (light level)

  The  high  SNR  was  achieved  by  using a high-efficiency  LED,  matching  its  output 
wavelength to  the  photodiodes'  peak  absorption  wavelength,  close  apposition  of  the 
LED  and  photodiodes  to  produce  only  a  narrow  slot  for  the  shadow  whisker,  and 
driving  the  LED  with high  currents  (well  beyond  its rated  current).  The  BPX48 
photodiodes had a peak light sensitivity in the near-infra red region (900 nm). The first 
prototypes  used  standard  white  LEDs,  and  subsequently  ultra-bright  high  efficiency 
white  LEDs.  Later,  changing  the  LED  wavelength  from  visible  red  to  near-infra  red 
produced a ~3-fold SNR improvement, because the peak LED output matched the peak 
photodiode  sensitivity  better.  The  light  level  could  also  be  increased  by  reducing  the 
distance between the LED and the photodiodes. Large through-hole LEDs and surface- 
mount  dome  LEDs  prevented  close  apposition  of  the  LED  and  photodiode.  On  the 
other  hand,  surface-mount  reverse  gull-wing  LEDs  (Vishay,  VSMY2850RG  in  the final 
design, Figure 2.1 and 2.2D) allowed the LED's lens dome to protrude slightly beyond 
the  brass  housing,  closer  to  the  photodiodes,  without  interfering  with  the  free 
movement  of  the  shadow  whisker.  The  earthed  brass  housing also  acted  as  an 
electrical  shield  to  prevent  radiated  interference  from  the  LED  to  the  photodiodes, 
which was important when the optic probe was used in AM or chopped mode.

  The reverse gull-wing LED package also allowed efficient heat-sinking of the LED to 
the  earthed brass  optic probe  mount,  which  allowed  the  LED to be driven  beyond  its 
specified  current  limit  without  short-term  damage.  The  original  LED  current-drive 
circuitry (not shown) needed the LED to be electrically floating relative to earth,   but  
the  final  circuit  design  (Appendix) allowed  the  LED  cathode  to  be  earthed
(electrically and thermally) to a brass heat sink forming the inner  
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vertical  wall  along  the  length  of  the  optic  probe.  The  LED  current  could  also  be 
adjusted  from 2mA  to 200mA,  which  served  as  a  sensitivity  and  dynamic  range 
adjustment  for  the  optic  probe,  as  required.  A  higher  LED  current  (hence  LED 
brightness)  improved  the  SNR  and  sensitivity,  but  also  reduced  the  dynamic  range  of 
the  probe,  because  voltage  clipping  occurred  when  the  instrumentation  amplifier 
output approached the power supply rails (+/-18V). With a current control on the LED 
driver, the LED brightness could be reduced if a wider optic probe dynamic range with 
lower  sensitivity  was  required (as  was  done  to  produce  the  full  optic  probe  transfer
function of Figure 2.3).

2.3.3 Lever shadow whisker vs. pivot shadow whisker

  The  first  optic  probe  prototypes  were  tested  with  an  inverted  U-shaped  whisker 
fixed  to  a  separate  stable  target  (e.g.  large  brass  block;  Figure  2.2A).  This  geometry 
would  have  been  problematic in  vivo,  due  to  steric  hindrance,  and  would  have 
required  the  gluing  of  a  whisker  to  the  skull, which  would  have  made  it  necessary  to 
finely  target  the  optic  probe  before  then  finely  targeting  the  BM  probe  (a  daunting 
task), so a different shadow whisker was designed that could be attached to the optic 
probe  micromanipulator,  that  could  be  lowered  onto  the  bone  adjacent  to  or  within 
the bulla opening.

  One  design  trialed  was  what  we  called  a  lever  whisker  (Figure 2.2C),  which 
mechanically  amplified  the  movement,  increasing  SNR  by  its ~10-fold  lever  ratio.  The 
whisker  was  fixed  to  the  micromanipulator  at  its  right-angle  bend  via  a  thin  flexible 
brass  strip.  The  attachment  had  to  be  a  strip  or  flattened  bar  rather  than  a wire  to 
prevent  the  whisker  from  pivoting  or  vibrating  in  planes  other  than  the  vertical  (our 
measurement  axis).  If  the  LED/photodiode  unit were moved  horizontally  along  the 
length  of  the  shadow  whisker,  then  the  mechanical  amplification  could  be  adjusted, 
giving  us  an  optimal  balance  between  sensitivity  and  dynamic  range.  Unfortunately, 
the lever whisker proved to be too resonant, and the resonance limited the amount of 
negative  (stabilizing)  feedback  that  could  be  applied  to  the  head  before  the  whole 
system  oscillated  (see  Chapter  6).  Even  reducing  the  lever  mass  and  maintaining  its 
stiffness by constructing it from thin folded brass foil, and incorporating a damper pot 
filled  with  honey  (damper  not  shown  in Figure 2.2C)  could  not  reduce  the  lever's 
resonance sufficiently. The pivot whisker was not resonant (it was over-damped), and 
the reduction in displacement sensitivity that occurred by switching to the pivot design 
was  offset  by  putting  the  BPX/LED  combination  as  near  to  the  skull  contact  point  as 
possible  (see  above),  and  by  increasing  the  LED  brightness. The  final  design  (Figure 
2.2D) included a reverse-wing LED soldered to a thick brass heatsink (a brass bar along 
the length of the optic probe).

  A  further  consideration  was  the  stiffness  of  the  whisker  relative  to  the  target  it 
monitored. If the optic probe's whisker were very stiff and the bone landing site were 
very  compliant,  then  very  little  deflection  of  the  whisker  would  occur  with 
displacement  of  the  skull.  On  the  other  hand,  if  the  whisker  were  very  compliant
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and the bone landing site were stiff, then almost 100% of the skull displacement would 
be registered by the optic probe. Overall, if the whisker stiffness were kw and the bone 
surface  stiffness  were  kb,  then the fraction  r of the  skull  movement registered  by the 
optic probe would be r = kb/(kb + kw). It was clear that the whisker was far less stiff than 
its bone landing site: large millimetre displacements of the skull registered on the optic 
probe  with  no  visible  denting  of  the  bone  surface,  indicating  clearly  that  kb>>kw,  and 
that  the  optic  probe  registered  almost  100%  of  the  skull  movement.  As  a  result  this 
issue  was  not  considered  in  any  detail,  although  the  slow  mechanical  creep  was 
considered,  certainly after  the creep of  a  solder landing site  was observed  in  trials of 
the  optic  probe  on  synthetic  surfaces.  As  a  result,  the  surface  area  of  the  contact 
between  the  whisker  and  the  bone  was  maximized  by  grinding the  whisker  flat  at  its 
end.  Overall,  it  became  increasingly  evident  that  the amount  of  mechanical  creep 
occurring  must  have  been  (surprisingly)  small,  because  the  amount  of  mechanical 
creep observed in the electrode response was very small (see Chapter 5), and this must 
have  included  all  contributions  to  the  overall  drift  between the  whisker  and  the 
electrode tip, including those from the optic probe, the microelectrode and its holder,
the contact surface, and at least some physiological movement.

2.3.4 Optic probe electrical noise floor

  The  optic  probe  electrical  noise  floor  was  optimized  using  many  different 
strategies:  (a) the  pre-amplifier  circuit  design  was  optimized, using  an extremely  low- 
noise  instrumentation  amplifier (AD8429),  and  running  everything  from  floating 
regulated  battery  power  supplies;  (b)  the  input  resistance  values and  AD8429  gain 
were adjusted so that the output noise was not dominated by either the Johnson noise 
of the input resistors, nor the output noise of the chip (the input and output noise of 
the  AD8429  are  among  the  lowest  of  any  commercially  available  instrumentation 
amplifier);  and  (c) floating  battery-power  supplied  the  optic  probe's  pre- and  post- 
amplifiers,  and  the  LED  current  drive  circuit,  and  this  eliminated  mains  interference, 
and improved the vibration isolation of the table by eliminating power supply cables to 
the  experimental  table  top  (see Section 3.1.2).  Using  ±18V  (the  maximum  specified 
power supply for the pre- and post-amplifier chips) also optimized the dynamic range
for the system.

2.3.5 Distortion/non-linearity

  The  wide  pseudo-linear  range  of  the  optic  probe  was  a  major  advantage  of  the 
present  system  over  other  displacement  measurement  techniques.  The  use  of  the 
single-package differential photodiode (BPX48) and a sufficiently wide shadow whisker 
eliminated cross-over distortion caused by the whisker's shadow being narrower than 
the gap between the upper and lower photodiodes. Figure 2.3 shows the optic probe 
transfer  function,  showing  that  on  a  low-illumination  setting  there  was  an 
almost 3000um  linear range.  Note  that  the  LED  current  drive  had  to  be  reduced  to 
~  1%  of  maximum  (i.e. <2mA)   to  obtain  this  transfer  function:  when  run  at  200mA, 
the dynamic range of the optic probe was only 1um (before the AD8429 output hit the 
±18V  power  supply  rails).  The  LED  was  soldered  in  place  with  the  LED  and  BPX 
powered  on,  so  that  the  LED  could  be  positioned  so  that  the  BPX48  output  was  as 
close  as  possible  to  mid  range  (0V  output).  The  AD8429  reference  pin  voltage  could 
subsequently  be  trimmed  by  the  OP1177  (an  ultra-low  noise  chip  to  reduce  probe 
electrical noise; Appendix), so that the optic probe output was at 0V when no shadow
was present. This optimized the dynamic range of the probe. In use, the resting  

2-7



 

 

 

 

 

 

 

 

 

 

-10

-5

0

5

10

15

20

x1
 o

pt
ic

 o
ut

pu
t 

(V
)

displacement (µm)

25 µm manual steps

BPX48 & shadow
whisker position

optic probe lowered optic probe raised

20000 4000 6000 4000 2000 0

light intensity 1% normal

Figure 2.3. The transfer function of the final design of the optic probe, derived by manually 
moving the probe first downward in 25um steps over a fixed-wire shadow whisker (left half of 
plot), and then up again as a cross-check (right half of plot). The insets depict the position of the 
probe's differential photodiodes (BPX48) relative to the shadow whisker. The LED illumination 
intensity was 1% of normal to maximise the dynamic range of the probe for testing. The 
maximum sensitivity of the probe was at the midpoint of the transfer curve where slope was 
maximum, which corresponded to a sensitivity of about 20V/2mm, which with full illumination 
corresponds to 1V/um. After amplification by the optic post-amplifier outside the sound proof 
room (x20/x200) and attenuation in the interfacing, the signal delivered to the PID control unit 
had a sensitivity of 30nm/V, or 35V/um. The measured raw mechanical noise floor of the probe 
was below 2nmpp, and far below a nanometre with filtering and/or spectral analysis. The 
bandwidth of the probe (excluding the mechanics of the whisker) was nearly 50kHz (see text). 
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position of the shadow lever was adjusted manually to be below mid-point, so that 
when the whisker touched the skull target, the whisker was pushed towards mid-point 
without losing contact with the target. 

2.3.6 Width of the shadow whisker 

The width of the shadow whisker was determined by the geometry of the BPX48: 
to avoid cross-over distortion, the shadow cast had to be wider than the gap between 
the upper and lower photodiodes (i.e. 0.1mm), but narrower than the total height of 
the photosensitive area to avoid clipping of the signal (0.67mm). For optimum dynamic 
range, the edges of the shadow should fall at the vertical centre of each of the upper 
and lower photo-diodes. The width of the wire used as the shadow whisker in the final 
design was therefore close to 0.67mm. 

Theoretically, the sharpness of the shadow cast by the whisker should have 
influenced the SNR, however empirically there was little difference in SNR when the 
whisker was moved closer to the light source (less sharp shadow) or closer to the 
photodiodes (more sharp shadow). The shadow cast by the shadow whisker across the 
photodiodes was of necessity not sharp. Penumbra size (Ug) is defined as Ug=f.(b/a), 
where f= light source size, b= whisker to photodiode distance, and a= light source to 
whisker distance. Since there was no evidence of either cross-over distortion nor 
clipping in the transfer function (other than that produced by clipping, we can say that 
the shadow (including the penumbra) was wider than 0.67mm. A wider whisker would 
have changed the total light level falling onto the photodiodes. More total light on the 
photodiodes would also result in a larger common-mode signal at the differential 
inputs of the AD8429, resulting in a reduction in the dynamic range of the 
instrumentation amplifier. Also, more photo-promotion within the photodiodes would 
modulate any stray capacitance of the photodiodes, possibly changing the photodiode 
bandwidth. In the end, however, light-induced changes in the frequency response of 
the BPX photodiodes were not an issue when driving the LED baseband, without high-
frequency chopping (see below). The bandwidth of the probe was near 50kHz (data 
not shown), which was far beyond the bandwidth required in BM measurements. The 
bandwidth was determined by driving the photodiodes with its LED light source 
modulated sinusoidally via the LED driver circuit, with one photodiode partly obscured 
to provide a dominant differential input signal. 

As mentioned above, the optic probe could be used in either baseband mode (a 
simple direct representation of the displacement by the electrical output), or in AM 
chopped mode (where the LED is switched rapidly on and off, so that the output is a 
double-sideband modulated AM signal with an amplitude representing the 
displacement). In earlier prototypes of the optic probe that did suffer from 
unacceptable thermal drift, chopping of the LED light source was presumed to be 
necessary to avoid any DC electrical drift in the amplification chain. The LED light was 
initially chopped with a square wave drive (simple on/off light) rather than sinusoidal 
light modulation, and we expected the SNR to be improved for two reasons: the 
reduced power with the 1:1 on:off ratio allowed for a doubled light flux for the same 
power limit, and because the synchronous detector we used to demodulate the AM 
signal was a simple square wave multiplier rather than a sinusoidal multiplier. In the 
end, empirically there was little improvement in SNR using square wave modulation 
over sinusoidal modulation. Instead, the sinusoidal drive improved the nulling of the 
differential output when the whisker shadow was exactly in the middle of the two 
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photodiodes (due to high frequency transients present when switching the light with a 
square wave rather than a sinusoid). As described later, the chopping of the LED 
illumination was abandoned altogether when it became clear that the DC electrical 
drift in the system was smaller than anticipated, and the modulation and 
demodulation process reduced the systems dynamic range. 

2.3.7 Optic probe frequency response 

The frequency response of optic amplification chain, photodiodes, LED driver and 
LED illumination was > 50kHz, as determined by driving the photodiodes with a 
sinusoidally modulated light source driven from the LED driver circuit (Appendix), with 
one photodiode partly obscured to provide a dominant differential input. In the end 
the stability and bandwidth of the optic probe used in baseband mode was more than 
adequate. This was only so, however, after design improvements over months had 
reduced thermal and other mechanical drift, so that the optic probe was able to be 
used in baseband mode (driven with a DC light source without significant drift). The 
final design suffered from a drift of only tens of nanometre per hour when the circuits 
were left on 24 hours a day. The switch from AM mode to baseband mode meant the 
use of a constant/DC light source, which avoided incomplete nulling of the optic signal 
in AM mode (due to small differences in stray capacitance of the upper and lower 
photodiodes, which caused small differences in the corner frequency of the two 
photodiodes). The detection circuitry could also be simplified, so that the buffer 
amplifier to drive the long cable from the sound proof room was no longer required, 
and the synchronous detector with its limited dynamic range was also no longer 
required. This switch to baseband mode improved the active feedback stabilization 
markedly, with a reduction in slow drift by ~1000-fold at DC and very low frequencies 
(Figure 3.3), and by ~30-fold near 10Hz (Figure 3.3). This was largely because of the 
improvement in the dynamic range of the system (due to a lower noise floor), and 
because of the absence of low-pass filtering in the synchronous detector meant a 
reduced phase roll at higher frequencies around the feedback loop, which improved 
the Nyquist stability of the whole system. 

2.3.8 Optic probe drift 

Some early prototypes of the optic probe had their shadow whisker attached to 
the XYZ micromanipulator, and suffered from drift caused by the contact whisker 
sinking into the target surface. Not to put too fine a point on it, it was essential that 
the surface area of the contact whisker tip be as large as possible (i.e. filed flat) to 
decrease the pressure on the target surface. During experimentation, lead solder was 
added to the whisker tip to increase surface area, however the lead solder increased 
drift further, presumably due to the softness of the solder surface, which produced 
slow creep of the brass to solder interface. This situation was improved by making the 
optic contact whisker more compliant by using a longer whisker, which reduced the 
contact pressure on the target, and by avoiding solder as a material in construction of 
the system components. This problem also resurfaced when using some plastic 
components in making the skull actuator, as described later. 

Because the optic probe was sensitive to relative movement between the LED and 
photodiodes, thermal perturbations could cause optic signal drift, even without a 
shadow whisker. This occurred when the bright centre of the LED (i.e. the GaAs chip) 
moved across the photodiodes during changes in LED temperature. This movement 
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was almost certainly caused by thermal expansion and contraction of the mounting to 
which the LED and photodiodes were attached, and was most pronounced in early 
prototypes where there was no LED heat sink, and asymmetric lengths of brass 
separated the BPX48 and the LED. Temperature changes of the optic probe and its 
mounting could be intrinsic (caused by temperature changes within the probe, as 
occurred with changes in the LED current), or extrinsic (e.g. from changes in room 
temperature due to changes in air currents within the sound proof room). Some 
intrinsic heating of the optic probe was inevitable because of the heat produced by the 
LED (approximately 200mA x 3V ~ 0.6 W), but this was reduced in later prototypes by 
attaching the LED to a large brass heat-sink. Thermal currents within the sound proof 
room were minimized by leaving the air conditioning off before and during 
measurements. This reduced thermal drift, and abolished a large portion of the 
building vibration as well (see Section 6.7). 

In early prototypes, thermal expansion of microelectrode holders (Perspex) caused 
drift of the resistance probe measurements beyond the dynamic range of the 
microelectrode blocking process. This prevented resistance displacement 
measurements on artificial test surfaces for more than a few seconds to minutes. 
Similarly, the different heating and cooling rates of different parts of the early brass 
prototypes caused thermal drifts, with multiple exponential rates and time courses, 
and contractions and expansions in opposing directions. Interestingly, glass 
microelectrode holders are typically made from Perspex, which not only has a large 

coefficient of thermal expansion (75m/m/°C), but being a plastic it is highly nonlinear 
in its expansion properties. By contrast, our probe used brass in its fabrication, which 
has the lowest thermal expansion coefficient of all widely available metals, and can be 
soldered together, which is convenient for electrical connections and prototype 
fabrication. We learnt to avoid the glues and plastics, which can exhibit nonlinear 
thermal drift and nonlinear creep. Attaching the LED securely to a solid brass heat sink 
(see Section 2.24) also reduced the indirect heating of the glass microelectrode holder. 

Because the absolute thermal expansion of a length of material is proportional to 
its original length, the optic probe mount was also made as short and 'stumpy' as 
practical. Attachment sites for the BPX48 and LED were made symmetrical, so any 
common-mode thermal transient would cause similar amounts of thermal expansion 
of both sides of the optic probe, and reduce relative thermal drift of the LED and 
photo-detector. This was achieved by mounting the LED and BPX opposite each other, 
on either side of a uniform brass box channel. 

Drift could also be caused by ambient light changes and LED brightness changes. 
Although the use of a differential photodiode allowed much of the common-mode 
signal to be rejected by the CMRR of the AD8429, significant drift was reduced in early 
prototypes by testing the optic probe in a dark room. The optic probe was tested in a 
completely dark room with air conditioning vents sealed, empty of people, to eliminate 
any contribution to the drift from ambient light or radiant heat sources. Changes in the 
total LED light output were easily eliminated by driving the LED with a feedback-
controlled current source (Appendix). 

2.4 Relative adjustment of optic and electrode probes 

It was essential to be able to adjust the position of the microelectrode tip relative 
to the optic probe, to position both probes in vivo within their respective dynamic 
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ranges. This had to be achieved without introducing significant sources of thermal 
drift. Relative adjustment might typically be achieved by mounting the two probes on 
adjacent micromanipulator stages, but this would introduce significant thermal drift 
and possible instability because of the physical complexity of the structures between 
the two probes. Instead, the electrode holder was mounted directly to the same brass 
mounting block as the optic probe which was then screwed to the main 
micromanipulator stage. This same common brass mounting block also incorporated a 
micrometer adjustment which applied fine pressure adjustments to the optic probe 
through a brass leaf spring, which allowed finer pressure adjustments than would be 
possible by a more direct mechanical coupling from the micrometer to the optic probe. 
The geometry of this adjustment was such that there was also chosen to minimize any 
‘raking’ of the tip of the optic probe's contact whisker across the target surface when 
its vertical position was adjusted. The L-shape of the contact whisker was necessary to 
allow landing inside the bulla on the lateral SCC or the cochlear wall. If landing on the 
edge of the bulla opening, a flat contact whisker could have been used instead. The 
minimal raking of the whisker across the edge of the bulla opening that did occur was 
not an issue, because there was little contact friction horizontally. 
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3 Optimization of the measurement environment 

3.1 Isolation from vibration of the room and environment 

3.1.1 The optic probe was needed to reduce drift and vibration 

As discussed in Sections 1.5.2 and 2.1.1, sequential improvements in the noise 
floor and inherent drift of the optic displacement probe revealed vibration and stability 
issues in the rest of the experimental set up (i.e. the experimental table top, the head 
holder and actuator). In particular, the optic displacement probe provided an 
immediate indicator of the vibration noise floor as isolation improvements were made. 
The optic probe contact whisker could be lowered onto the table top, head holder, 
actuator or other parts of the experimental set up to provide a real-time measurement 
of their vibration. The optic probe time waveform and spectrum were routinely 
monitored via an oscilloscope and laptop-based digital signal analyzer (DSA; custom-
written software, Labview 7.0, National Instruments), and could also be listened to via 
headphones. The degree of vibration isolation could easily be tested by tapping on 
different parts of the experimental platform or sound proof room while monitoring 
(listening to) the optic probe output. This direct real-time measurement of vibration 
allowed us to quickly iterate to far better vibration isolation than is typically achieved 
with standard isolation tables used in neuroscience, as described below. The main 
source of vibration was building vibration from the building’s air conditioning unit, and 
from people walking and doors opening/closing nearby. Building vibration could be 
transmitted from the concrete floor of the building via the table legs, or via wires and 
tubes resting on the table top. Mechanical coupling of the actuator (V4) to the optic 
probe manipulator via the table top also caused inadvertent vibration of the 
micromanipulators and headholders, especially when they were early ‘cantilevered’ 
designs. These observations informed the design of our micromanipulator and 
headholder prototypes (see Section 5.2). 

3.1.2 Table isolation and table-top surface waves 

As depicted in Figure 3.1, the experimental table in our sound proof room was a 
standard wooden bench, bolted directly to the building's second story concrete slab. 
Typical table vibration isolation in our laboratory had previously relied on a heavy 
metal top plate, suspended on half-inflated bicycle inner tubes, where the air in the 
inner tube acted as a spring (Sutter electrode cookbook; Sellick et al., 1982). However, 
this inner tube suspension itself coupled vibration from one side of the plate to the 
other, which caused standing-wave vibrations and reflections across the metal top-
plate (Figure 3.1). This surface wave effect was particularly problematic when used 
with the double-layer (sandwich) threaded top plates. Instead, the original heavy 
metal (1cm) top plate was used with two levels of spiral metal spring suspension 
distributed beneath both the top plate and the sandbox layer beneath it (producing a 
fourth-order mechanical low pass filter). That is, the sandbox sat on distributed metal 
compression springs on the experimental table top, and the sandbox supported the 
metal top plate with a second layer of distributed metal springs (Figure 3.1). Unlike the 
original inner tube suspension, the compression springs did not efficiently couple 
vibration laterally. 
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Figure 3.1 .  Low-noise mechanical measurements relied on effective isolation from incoming 
vibration. This was accomplished by placing the animal and displacement probes on a 
vibration isolation table, made by suspending a solid metal plate on an inertial insulating 
plate (a wooden tray filled with sand to provide a large mass), itself supported from below 
on the wooden experimental table by distributed metal coiled springs. The combination of 
the mass of these structures and the stiffness of the metal suspension springs produced a 
very low-frequency resonance that was damped by outrigger paddles from the metal plate 
to sheet metal honey trays bolted to the inertial sand box. To avoid vibrations conducted to 
the animal via cables and hoses, all incoming cables and animal gas hoses were first routed 
to a platform suspended above the animal, and then to the animal and probes via flimsy 
wires that were very thin, compliant, and loosely coiled. 

3-2 



One other early problem was that the very-low-frequency resonator produced by the 
combination of the heavy base plate and compression suspension springs was so 
resonant (with a resonant frequency of about 1Hz) that the animal and equipment 
took a long time to settle when perturbed. This high Q resonance also meant that 
building vibration was amplified as it passed through the table and up towards the 
animal. To avoid this problem, outrigger damper trays were added between the upper 
base plate and the sandbox to over-damp this slow resonance. Honey was used to fill 
the damper trays because of its high viscosity compared to other commonly available 
viscous liquids. Other viscous liquids (e.g. vegetable oil, motor oil) were tried, but 
provided insufficient damping. Although honey crystallized over a period of weeks and 
needed to be replaced regularly, there was no other liquid we could find with a similar 
viscosity to honey that was readily available. In any case, the honey pots worked very 
well. 

Also, to avoid transmitting vibration of the building and table through wires and 
tubing to the animal, we suspended a platform above the table, hanging from the 
ceiling via a long very compliant springs (Figure 3-1). This suspended platform acted as 
a low-pass filter, damping vibration of the sound proof room conducted by the ceiling 
or by incoming cables and tubes. Shielded cables were attached to this platform from 
outside equipment (without touching the table top), and were then connected to the 
animal and nearby equipment via extremely fine, lightweight, spiraling and robust 
wires (from earbud headphones) that descended to the table top. This combination of 
the suspended cable platform and the flimsy wire connections provided a great deal of 
isolation from room vibration. Similar isolation coupling was provided for the heating 
blanket, optic probe, WPI headstage, and other equipment like CAP bio-amplifiers that 
needed to be on the table top and also connected to the outside equipment. 
Importantly, inadequate mechanical isolation of the wires from the manipulator, 
actuator and table top could also cause slow mechanical drift, so the mechanical 
isolation strategy just described reduced both vibration conduction and slow drift due 
to slow (thermal?) movements of the wiring. 

As described above, vibrations across the metal top plate were reduced by using 
single solid metal plates of 1cm thickness, instead of the double-layered (sandwiched) 
plates with many threaded holes used in ‘optical breadboards’ in commercial isolation 
tables. We found that with the commercially available isolation tables, vibration could 
be transmitted from the mechanical actuator to the optic probe via two paths: (a) the 
‘expected’ mode, where the top of the actuator moved the whisker of the optic probe 
(by moving the target), or b) an unwanted secondary mode, where the actuator and 
optic probe's micromanipulator base were coupled through the table base plate. 
Furthermore, vibration from the actuator could travel along the surface of the 
commercial isolation table's surface as a surface acoustic wave, and be reflected by the 
edges of the base plate. These responses could be attenuated by pressing a finger at 
various positions around the surface of the mounting plate. As an example of these 
responses, Figure 3.2 shows the open loop vibration response (averaged waveform, 
n=100) when the V4 actuator was driven with a rectangular voltage pulse, while 
mounted on a hollow commercial base plate with threaded holes (upper trace). Note 
the (oscillatory) vibration response at the onset and offset of the drive pulse. This was 
not noise in the averaged waveforms (n=100), but a replicable waveform. These 
surface acoustic waves produced mechanical coupling of components attached to the 
table top. In our case they produced unwanted cross-coupling between the V4  
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Figure 3.2. One early problem encountered was the complex mechanical response of some types 
of experimental table top, in particular commercial units widely used in neuroscience and optics 
where two sheets of metal are sandwiched on corrugated metal sides to produce a thicker 
structure. These units clearly allowed the propagation of (resonant) surface acoustic waves, 
allowing mechanical coupling of components attached to the table top. In our case this 
produced unwanted cross-coupling between the V4 actuator and the optic probe's manipulator 
and the probe itself. This cross- coupling not only complicated measurements, it severely limited 
the loop gain of the stabilization process at which oscillations occurred. Here the existence of 
the surface acoustic waves is demonstrated by the step response of the system (top trace) when 
a rectangular voltage pulse was applied to the V4 actuator, and the optic probe records a 
complex ringing pattern. This ringing could be damped by placing a finger at various points 
around the table surface. The oscillations were not noise, but a reproducible waveform. When 
the sandwich-design tabletop was replaced with a simple 1cm thick steel plate (lower trace), this 
phenomenon was reduced significantly, and stable displacement clamping could be achieved 
with high loop gains without oscillation. Lower inset shows detail of the onset of the step 
response, including the oscillations due to the resonances of the V4 and stiffness plate. 

0.1s

50nm

A. Holey Base Plate

0.1s

50nm

B. Solid Base Plate
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actuator and the optic probe's manipulator and the probe itself, which no not only 
complicated measurements, it severely limited the loop gain of the stabilization 
process at which oscillations occurred. 

The lower trace shows the analogous response when the V4 and probe assembly 
were mounted on a solid steel base plate without holes (1cm thick). This problem was 
largely eliminated by using a solid base plate in all future work. Overall, these 
observations made us mindful of traveling wave movement across the support plates, 
and we routinely checked that such inadvertent coupling phenomena and resonances 
were minimized. Without knowing about these modes of coupling, or that they could 
be resonant, it would be very difficult to stabilize the PID feedback's displacement 
clamping of the head. 

The final design of the optic probe had a very low mechanical noise floor. This is 
illustrated in Figure 3.3 of raw time waveforms (note 6nm scale bar), with the PID 
stabilization off (open loop, top trace), the PID on and optimally tuned (middle trace), 
and the PID on and over-tuned (lowest trace), which introduced resonances that 
amplified the environmental mechanical noise. The upper trace shows a mixture of 
low-frequency 'rumble' of the table-top from room vibration, a 50Hz mains 
interference (in this case from the post amplifier and instrumentation outside the 
room), and the higher frequency mechanical noise for the environment generally. 
Ignoring the low-frequency rumble (a real vibration input) and the 50Hz interference 
(not a mechanical noise), the raw mechanical noise floor of the probe per se was less 
than 2nm, as is clearer from the PID clamped trace. The noise floor and the efficacy of 
the PID stabilization process can be seen even more clearly from the spectral analysis 
of the time waveforms above (same colour code of traces, note narrow-band vertical 
amplitude scale from 0.01nm to 0.1m). For the open loop response, the 50Hz mains 
interference is evident as a clear spectral peak at 50Hz and its harmonics, and the low-
frequency environmental noise is evident as below about 20Hz (including some clear 
frequency peaks corresponding to air conditioning rumble). Turning on the optimally 
tuned PID stabilization(see Chapter 6) reduced the mechanical noise floor at the low 
frequencies (by more than 100-fold below 1Hz), while higher frequency noise was 
relatively unchanged. When the PID feedback was over-tuned, the high-frequency 
mechanical noise was actually increased, and additional frequency peaks appeared 
corresponding to the complex frequencies of the PID feedback system. 

3.2 Reduction of electrical noise 

The electrical noise floor of the optic probe and electrode measurement systems 
were optimized by reducing radiative-, power-supply and earth-loop electrical noise.  

Radiative and mains power supply electrical noise: Radiative mains interference 
and power supply mains ripple interference was minimized largely by powering 
equipment from regulated batteries, and by physically separating any mains power 
supplies and equipment from the measurement equipment. Where radiative 
interference was still present, additional earthed shielding was applied. The high-
impedance glass microelectrode (by its nature unshielded) was particularly susceptible 
to radiative interference and required (distant) shielding. The optic probe was not 
affected by radiative or earth loop interference, because of the good shielding of 
cables, the floating battery supply, and the excellent common mode rejection ratio of 
the AD8429 differential instrumentation amplifier. 
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Figure 3.3. Sample spectra of the displacement of the top of the headholder (with and 
without stabilization). The headholder was mounted on top of the V4 actuator as 
normal, and loaded by a 32g mass of BluetakTM between the ear bars to simulate the 
mass-loading by the guinea pig's head. The upper panel shows and earlier example 
where the table isolation and micromanipulator resonances were not improved (note 
building and air-conditioning rumble between 1Hz and 10Hz), and the lower trace was 
obtained after improvements in all mechanical aspects of the table, manipulator, and 
wire isolation were complete. The lower panel also shows insets of raw waveforms 
from the optic probe with and without stabilization, demonstrating the nature of the 
broadband noise (note scale bars of 5nm, and the point that the spectra are displayed 
in units of noise spectral density or nm/sqrtHz). Also shown is a portion of the 
spectrum of the 50nm calibration movement at 10Hz imposed by the V4 actuator. Note 
also the two broad spectral peaks centred at about 420Hz and 730Hz, which were due 
to a slight 'over-tuning' of the PID feedback stabilization (see Chapter 6). These 
resonances in the stabilized system amplify both the ambient environmental noise 
driving the headholder, and also the 'pilot' signal used to calibrate the displacements. 
The tuned amplification of these PID resonances reduces the signal-to-noise ratio of 
the measurements near the resonance frequencies, but even then the noise is less 
than 0.3nm (the iso-displacement dashed line in each panel corresponding to auditory 
neural theshold at higher frequencies), and so of little consequence. These resonances 
also amplify the calibration 'pilot' displacements produced by the V4 actuator, but this 
would not corrupt the calibration process itself. 
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PA30E power supply: The power amplifier driving the head actuator (a V4 driver; 
Data Physics) was a unit manufactured by the manufacturers of the V4 actuator. This 
PA30E unit (Data Physics, UK) originally had an internal power supply with a large, 
unshielded toroidal transformer, and with insufficient capacitive smoothing. This 
produced unacceptable mains interference through the power supply ripple, and also 
by radiative pickup at the input of the amplifier chip within the PA30E case. The 
inherent mains interference in the PA30E allowed it only a 40dB signal-to-noise ratio, 
which was totally inadequate for our use. As a result, the manufacturer's power supply 
was removed and replaced with an outboard mains-operated ±3A, ±30V regulated 
laboratory power supply, which needed to be positioned approximately 1.5m from the 
PA30E to avoid radiative mains interference. It was connected to the PA30E with 
0.5cm diameter, low resistance power supply cables to minimize earth loop signals. 
Section 5.4 describes several other improvements to the PA30E which reduced the 
PA30E noise floor. 

Heating blanket interference: The custom-made animal heating blanket produced 
mains interference that radiated onto the glass microelectrode and the animal itself. 
This was fixed by earth shielding of the heating blanket drive wire (radiative), and by 
removing the earth of the heating blanket mains power supply (eliminating an earth 
loop). 

Microscope power supply: It was standard practice in our laboratory to use a 
custom-made microscope power supply, so that the microscope lights were powered 
by 5A, 6V DC power cables, with the mains-operated power supply outside the sound 
proof room. This eliminated the radiative mains interference produced by the original 
mains power supply within the Zeiss operating microscope itself. However, the level of 
radiative mains interference even from the ripple on the DC supply was still significant 
when compared to the required glass microelectrode noise floor. The solution was to 
make a floating battery-operated power supply for the microscope lamp. The 
operating microscope used 6V, 30W bulbs drawing 5A (Flange Lamp, Dr. Fischer). The 
current drain on the batteries could have been halved by using a 12V bulb, and further 
reduced by using a high-efficiency LED bulb (now standard in the automotive industry), 
unfortunately the precise light source had to be positioned at the focal length of the 
focusing prism in the microscope. This was not possible with an OEM bulb, because 
replacement bulbs with single LEDs with equivalent brightness (400 lumen/~32cd) 
were not available, and replacement 12V incandescent bulbs could be positioned at 
the focal point of the microscope optics only with great difficulty, and were also not as 
bright as the Dr Fischer bulbs. Instead, we used two 6V microscope bulbs in series (one 
as ambient light in the room, the other within the microscope), and used a 12V car 
battery as their power supply. The 5A current draw drained one ~40Ahr car battery 
quickly (at least one car battery charge during a single experiment), nevertheless these 
changes solved the issue of interference from the microscope lighting. 

Optic probe and post-amp battery: The optic probe pre-amps (AD8429, OP1177) 
and post-amps (INA121) were powered from a regulated, floating ±18V split battery 
supply (four 4Ahr lead-acid batteries) sitting on the experimental table top. The optic 
post-amp was outside the sound proof room, and therefore the post-amp power 
supply cable came from the batteries, to the above-table suspension and through the 
SPR wall. The batteries were originally earthed to the main earth of the experimental 
setup (star point earthing), but later they were left electrically floating to reduce earth 
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loop from the feedforward circuit (see Appendix). The optic probe's AD8429 output 
was susceptible to radiative interference at the input to the post-amp box, and 
therefore the shielded cable from the AD8429 was soldered directly into the post-amp, 
within the post-amp shielded box, to minimize interference and earth loop resistance. 

LED battery: Similarly, the LED current drive circuit was supplied by a single-ended, 
regulated 10V power supply from a single 12V lead-acid 4Ahr battery. The LED current 
drive was earthed to the main earth via the optic probe earth (i.e. the earthed optic 
micromanipulator and LED heat sink). 

Feedforward circuit battery: The feedforward (FF) circuit (see Appendix) was also 
powered from a regulated split supply, from two 12V car batteries (Appendix). The FF 
power supply earth was earthed to the rig's main star point earth with a 0.5cm 
diameter earth wire, again to reduce cable resistance and earth loop signals. 

Battery supply for WPI amplifier: The internal mains power supply of the WPI, 
which radiated mains interference onto the internal circuitry and amplification chain, 
was removed and replaced with an external ±10V regulated split battery supply. A 
higher voltage battery supply would have improved SNR, but the relatively old LM709 
chips within the WPI microelectrode amplifier oscillated when supplied with more than 
±10V. The WPI was also earthed to the rig's main earth. 

Temperature regulation of the WPI head stage: The power amp circuit for the 
temperature regulation circuit for the WPI headstage (see Chapter 7) was powered 
with a ±12V split regulated supply, again from two car batteries. That circuit was 
floating (unearthed), to avoid conducting any earth loop signals to the delicate 
headstage and microelectrode. 

The WPI amplifier and USB radiative noise: A USB-powered soundcard (Sabrent; 
USB 7.1 CH 3D External Sound Pocket) was placed inside the insulated, temperature-
regulated WPI box to minimize thermal drift of the USB ADC circuitry. Unfortunately, 
this introduced radiative digital USB noise onto the microelectrode signal, which 
manifested at exactly 1kHz and its harmonics. Earthed shielding with a copper plate 
shield within the box did not solve the problem. Ultimately, the sound card had to be 
removed from the WPI box, and any thermal transients of the sound card were 
reduced by keeping the sound card on continuously (USB powered), even when not in 
use. 

Earth loops: Earth loop noise can be present at mains frequencies (where 
equipment is mains powered), or it can be present at signal frequencies. Mains earth 
loops were eliminated in our experiments by using battery power supplies, star-point 
earthing with low resistance earth leads, and by earthing the animal to the WPI with a 
saline wick under the neck muscle, and to the ECG amplifier near the animal's foot. The 
animal was also electrically isolated from the heating blanket and the headholder (with 
plastic ear bars and by varnishing the carbon fibre headholder). This avoided earth 
loop contamination via the animal's contact with the headholder. Some problems were 
also encountered with an earth loop signal caused by the very large currents from the 
feedforward component of the system feeding the V4 actuator in parallel with its own 
V4 power amplifier. The problem was solved eventually by using extremely large 
diameter and short length copper wires for the output connections. There was also a 
problem with the noise floor of the feedforward circuitry, in particular the inadequate 
noise performance of the power amplifier. This was solved by attenuating the power 
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amplifier's  output,  not  by  a  voltage  divider  as  usually  done,  but  by  a  current  divider,  
placing a very large dummy load in parallel with the power amplifier output. This was 
necessary because the current noise from the feedforward power amplifier needed to 

 be attenuated, but the overall resistance of the system needed to remain very low. 
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4 Novel sinusoidal ventilator and pulse artifact reduction 

4.1 Problems with the standard veterinary ventilator 

Many in vivo measurements are troubled by movement artifacts, from either room 
vibration, thermal drift, equipment creep, or by ventilation and pulse artifacts. Initially 
a standard small animal ventilator was used, and because the active head stabilization 
we had previously developed was more effective at lower frequencies (due to the 
frequency limit of the actuator driving the skull), we attempted to reduce the impact 
of the ventilation artifact by slowing the ventilator with a custom-built AC power 
supply (while increasing the tidal volume to ensure adequate oxygenation). While 
partially successful, a residual high-frequency ventilation artifact was still present on 
the skull displacement trace (Figure 4.1), because the original ventilator had an 
eccentric arm which acted as a clamp valve of the gas delivery tubes (to improve gas 
pumping efficiency and to prevent any vacuum being applied to the animal’s lungs). 
Unfortunately this valve's opening and closing produced sharp pressure transients in 
the gas supply that produced high-frequency transients in the ventilation movement of 
the skull which were not cancelled adequately by the active stabilization system 
(Figure 4.1). 

4.2 A computer-controlled ventilator to reduce artifacts 

To address these problems, a novel sinusoidal ventilator was developed, consisting 
of a sealed subwoofer speaker as the ventilator's gas piston, with its own Class-D 
amplifier module (dual 100W Class D audio amplifier kit with 24V 200W power supply). 
The compliance of the air volume within the subwoofer driver cone was reduced by 
filling the majority of the air volume within the speaker cone with a lightweight 
styrofoam filler. The subwoofer's power amplifier was driven by either an oscillator 
(Hewlett-Packard; model 33120A) or by custom-written software (LabView 7.0, 
National Instruments) running on a laptop which drove one stereo output channel of 
an external USB soundcard (Sabrent; USB 7.1 CH 3D External Sound Pocket). As will be 
seen later, the software also received the animal's ECG waveform via one stereo input 
channel of the same soundcard. 

The full gas circuit supplying the animal is shown in Figure 4.2, which included a 
Carbogen cylinder as a pressurized gas source, a standard anaesthetic balloon as a 
compliant shunt near the gas bottle, followed by the sinusoidal subwoofer piston 
which fed a long delivery tube into the sound-proof room, which then supplied a T-
piece into the animal's trachea and out to the ambient room air via a small adjustable 
hose clamp. Adjustment of the hose clamp set the output resistance from the animal, 
so that careful adjustment of the gas supply rate, speaker amplitude and frequency, 
and the output resistance allowed adjustment of the average gas through-flow, and 
the sinusoidal pressure fluctuation within the animal's trachea, providing adequate 
ventilation under computer control. The resultant gas pressure fluctuation could be 
monitored with a pressure sensor near the tubing near the animal. The use of the 
active ventilator with a sinusoidal drive avoided the jarring transients associated with 
the opening and closing of the original ventilator's hose clamp, and offered many other 
advantages, as described below. 
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Figure 4.1. (A) A commercial small-animal ventilator used early in this study produced unacceptable 
movement artifacts when opening of its clamp valve produced transient movements of the animal's skull. 
These were visible in the raw displacement trace with PID stabilization off as small high-frequency oscillations 
on the falling phase of the displacement trace (first part of trace). When the PID stabilization was turned on 
(one third through trace) the lower frequency movements were reduced significantly, but the PID stabilzation 
was unable to reduce the high-frequency movements sufficiently. High-frequency transients remained as 
shown in the insert. (B) The transients were found to be due to pressure transients in the gas hoses. (C) When 
the standard ventilator was replaced by a custom-made computer-controlled ventilator (see Figure 4.2) the 
movement artifact contained far less high-frequency transients in the unstabilized case (first third of trace), 
and when the PID stabilization was turned on, the ventilation movement was markedly reduced, with only a 
small high-frequency movement remaining (see inset). 
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Figure 4.2. A novel computer-controlled ventilator was developed using a sub-woofer speaker as a gas 
piston. By driving the sub-woofer with a sinusoid at the desired ventilation frequency the high-frequency 
transients produced by the commercial ventilator, and also allowed the synchronization of breathing with 
pulse rate using the animal's ECG signal as an input to custom-written software generating the sub-
woofer's drive sinusoid. 
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Another advantage of the new ventilator was that it allowed complete control of 
the ventilation rate and tidal volume, and even allowed the ventilation waveform to be 
changed at will. While we have not extensively explored non-sinusoidal ventilation 
waveforms, their use should reduce the ventilation further than the simple sinusoidal 
drive we describe here. In any case, even when we managed to reduce the ventilation 
artifact substantially by choosing an optimal frequency and amplitude combination 
(while maintaining adequate ventilation), we were still bothered by the remaining 
pulse movement artifact. Not only that, but the pulse rate and ventilation were not 
synchronized, so that the combination of the two movement artifacts produced a 
complex waveform where the phase of the two rolled relative to each other, producing 
a non-stationary waveform (Figure 4.3). This non-stationary artifact waveform was not 
suitable to synchronous averaging to improve the signal-to-noise ratio by subtraction 
to eliminate the pulse-ventilation artifact from the data records (or actively controlling 
electrode-to-animal distance to minimize the artifact). 

Although prolonged asynchronous averaging relative to an experimental repetitive 
stimulus would eventually remove any non-stationary artifact, this would require that 
the experimental stimulus and its response were repetitive and reproducible (e.g. the 
response did not adapt). For example, if the combined artifact were twenty times 
larger than the experimental response, then 1000 repetitions or more would be 
required to reduce the asynchronous artifact to an acceptable amplitude, and if the 
experimental response took one minute, then the averaging process would require 
hours, during which the physiological preparation would deteriorate. Clearly a better 
strategy would be to reduce the artifact at its source, or to remove it by subtraction, 
but this might also require averaging of the artifact to obtain a clean artifact waveform 
before subtraction, and again the artifact waveform was not stationary because the 
pulse and ventilation were not synchronized. Fortunately, the new respirator provided 
the breath-by-breath flexibility in the drive to the ventilator, allowing us to use the 
animal's ECG waveform to derive instantaneous pulse rate, thereby allowing us to 
generate a sinusoidal ventilation waveform that synchronized the pulse and ventilation 
artifacts. The net result of this process was a greatly simplified composite movement 
artifact that was a stationary waveform, which allowed synchronous averaging 
triggered by the ECG waveform, which then allowed for reliable subtraction of the 
movement artifact from the data records. 

While useful, the advantages of the new respirator went further. Simple artifact 
removal from data records by subtraction does not resolve a common problem. If a 
measurement system is linear, then subtraction of the complex movement artifact 
may be sufficient to remove a movement artifact from the data records, while leaving 
the experimental response intact, but nonlinearity in either the measurement system 
front-end or the physiological process under investigation means that the pulse-
ventilation artifact can drive the system into distortion and/or overload. This will either 
reduce the stability of recordings, distort the measured responses, or worse still 
mechanically damage the tissue under investigation. That is, the best outcome is not 
produced by simple subtraction of the artifact from the data records, but by reduction 
of the artifact itself in real-time. Fortunately the versatility of the new ventilator 
offered that possibility. 

Because the phase of the ventilation drive waveform was under our software 
control, we could generate a ventilation drive waveform that was in synchrony with 
the ECG and pulse artifact, and then adjust the phase and amplitude of the ventilation 
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drive and its artifact to partially cancel the pulse artifact. While this strategy did not 
completely cancel the pulse artifact (because the ventilation artifact was close to 
sinusoidal while the pulse artifact was not), the reduction in the net combined artifact 
was sufficient to allow our other artifact reduction strategies to work effectively (see 
Figures 4.3 and 4.4). Most usefully, reduction of the ventilation-pulse artifact allowed 
the feedback stabilization process to reduce the residual movement artifact to well 
below 1um. 

While we have not done so, it is possible that the ventilation drive could be 
adjusted in frequency, amplitude, phase and even waveform to almost completely 
cancel the pulse artifact, and the adjustment of the ventilation waveform could be 
performed continuously by the usual process of active noise cancellation (as with 
noise-cancelling headphones).Also, while the nulling of the pulse movement with the 
ventilation movement has been successful (a 3-fold reduction), it is true that there is 
only one combination of amplitude and phase that would produce artifact 
minimization, and a null could only occur if the pulse artifact was itself sinusoidal. 
Otherwise, it may be necessary to use a non-sinusoidal drive waveform for the 
ventilator, which would require more sophisticated adjustment of the drive waveforms 
amplitude, phase and waveform. Having said that, the methods of active dynamic 
waveform cancellation are very well developed, and the convergence to optimal 
cancellation is easily within the reach of laptop mathematics. For example, others have 
previously attempted mechanical artifact reduction in neuroscience, most notably for 
neural recordings from the brain (Fee, 2000 ). In the case of Fee, the method involved 
detecting the beginning of a pulse or breath (using ECG and respiratory pressure 
measurements as triggers), and moving the microelectrode (mounted on a 
piezoelectric manipulator) with a pre-determined (feedforward) movement, intended 
to be the opposite to the brain movements due to pulse or ventilation. To determine 
the required feedforward movement, Fee measured the electrode resistance by 
injecting DC current into the electrode with the electrode blocking on a cell surface 
within the brain, near the target tissue. Simultaneous measurement of ECG and 
respiratory pressure showed that electrode resistance was indeed proportional to 
pulse and ventilation brain movements. To generate the corrective movements, Fee 
used the ECG and respiratory pressure signals themselves, fed through a filter (finite 
impulse response, or ‘FIR’ filter) to generate the drive signal to the piezoelectric 
manipulator. The filter coefficients were calculated in the frequency domain, by taking 
the spectrum of 2-4 second-long fragments of ECG, respiratory pressure and electrode 
resistance. Once this routine was completed, the feedforward stabilization could be 
turned on, and the electrode advanced into a target cell. In this way, Fee (2000) 
achieved an 80% reduction in pulse and ventilation movement artifacts in the 
electrode measurements in anaesthetized animals, which was sufficient for 
intracellular recordings over minutes, with a remaining pulse residual 
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 Figure  4.3. In  the  living  guinea  pig,  the pulse  and  ventilation  artifacts  combined  to  produce  a  complex  and 
non-stationary  movement  artifact  that  was  a  large  fraction  of  a  micron  (upper  trace).  Its  non-stationary 
nature made it impossible to remove by simple subtraction. (B) When the computer-controlled ventilator of 
Figure  4.2  was  used  to  produce  ventilation  &  synchronized  to  the  pulse  using  the  animal's  ECG,  the net 
artifact became smaller (because of the higher ventilation frequency) and simpler (stationary with each cycle 
of the artifact identical to the last (middle trace). The lower traces illustrate how adjustment of the phase of 
the ventilation sinusoid relative to the pulse phase could be used to alter the net movement artifact, and how 
careful  adjustment  of the  ventilation  phase  and  amplitude  could  partially  null  the  pulse  artifact  with  the 
ventilation artifact. 
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Figure 4.4. With the ventilator on and synchronized to the pulse rate via the ECG waveform (lower trace), 
the sinusoidal drive generated by the software was adjusted in amplitude and phase relative to the ECG so 
that the pulse artifact was partially cancelled by the ventilation artifact (as in Figure 4.3). The extent of the 
cancellation of artifacts in the upper bulla displacement waveform is clear when the ventilator is turned 
off, leaving the un-cancelled pulse artifact. 
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5 Active skull stabilization

  The system to actively stabilize the skull consisted of the animal headholder, and 
the V4 headholder  actuator with  its  drive  circuitry.  The  individual  design 
considerations of the headholder and the actuator are discussed below, although both 
parts  were  developed  together,  in  an  iterative  fashion.  One  of  the  main  design 
considerations  was  to  minimize  the  resonance  of  the  headholder/actuator 
combination  because, as  already  mentioned, any  mechanical  resonance  in  the  active 
stabilization feedback  loop  limited  the  maximum  stable loop gain available  before 
oscillation, and therefore reduced the amount of stabilization available and the upper 
frequency limit of the feedback loop. Mechanical resonances could be introduced by i)
vibration of the headholder (including off-axis vibration modes); ii) mass-loading of the 
actuator stiffness by the headholder; and iii) resonances in the optic probe driving the
stabilization circuitry.  The  required bandwidth  of  the  actuator/headholder  was

thestimated to be >300Hz (approximately the 10 harmonic of the pulse artifact).In the 
design  of  all  three  parts  of  the stabilization system,  drift  (mechanical,  electrical,  and 
physiological),  sensitivity,  dynamic  range  (noise  floor  and  distortion),  frequency
response and transient response all had to be addressed.

5.1 Why actuate the head and not the microelectrode?

  One of the major limitations of the active stabilization system was the bandwidth 
of the headholder/actuator combination, which was largely limited by the mass of the 
skull/headholder  loading  the  actuator  stiffness.  Better stabilization bandwidth  would 
have been achieved by actuating the micro-electrode resistance probe instead, but we 
were unable to find a suitably small actuator that did not suffer the limitations of most 
piezo actuators (most notably hysteresis) and dynamic range. Unfortunately, if we had 
actively  moved  only  the  microelectrode,  we  would  have  severely  limited  the 
compensation  displacement  available,  because  piezo  actuators  have  a  very  low 
sensitivity, and require a high-voltage drive to achieve only micrometers of movement. 
Although the piezo transducers can be stacked to increase the overall movement, this 
also  increases  the  hysteresis  that  occurs  (largely  because  of  the  friction  between  the 
stacked piezo discs). It may also have been a problem that a piezo actuator near to the 
high  impedance  microelectrode  could  have created  electrical  feedthrough  issues. In 
any future generation of stabilization systems, it may be possible to use both actuation 
of the skull and the microelectrode displacement probe. In the end, we opted for the 
dynamic (magnetic) actuation of the whole skull, and worked to improve its sensitivity,
noise performance, drift and bandwidth.

5.2 Headholder design

  The  headholder  prototypes  that  were  trialed  are  shown  in Figure 5.1,  together 
with  the  actuators  used  with  these  designs.  Overall,  the  headholder  design  changed 
over  time  in  the  following  ways: (i)  the  mass  of  the  headholder  was  progressively 
lowered (to reduce mass-loading of the actuator  stiffness and raising of its resonance 
frequency); (ii)  cantilevered  parts  were  progressively  discarded  to avoid  mechanical 
resonances that reduced stable PID gain and attenuation of unwanted movement; (iii)
more  of  skull  contact  points  were  included  (to  reduce  off-axis  vibration  and 
physiological  movements); (iv)  non-metallic  parts  and  adhesives  were  abandoned to 
avoid  mechanical  creep; (v)  the  angles  and  spaces  were  optimized  to  improve  the 
angle  and  proximity  of  approach  of  the  microelectrode  probe  relative  to  the

5-1



 
 

mechanical probe whisker; and (v) reinforcement of angles was improved to make 
each headholder more rigid and robust. The pulse and ventilation artifacts obtained 
with the various head holder designs differed, and most often ringing of the pulse 
waveshape, indicated resonance of the head holder or lever whisker (when used), 
which reduced the efficacy of active stabilization. 

5.2.1 Heavy brass ear bars 

The heavy brass ear bars (Figure 5.1A and B) that are usually preferred for high-
stability microelectrode recordings help in adding inertia to the system, thereby 
improving the low-pass filtering of table vibration and animal movements, and also in 
the low-pass filtering of thermal transients (e.g. drafts, wind currents etc.), because of 
their greater heat capacity. However, they are themselves subject to thermal drift, and 
are much slower to reach a steady-state temperature and stable mechanical shape 
when ambient temperature changes do occur. Initially we attempted to add active 
stabilization to such a heavy brass head holder, which had large mass and also a very 
large stiffness. As a result, the actuator required had to be capable of producing very 
large forces, and a wide bandwidth. First, we used a large subwoofer speaker to 
actuate traditional heavy brass ear bars, using a lever arrangement to convert high 
displacement and low force to high force and low displacement (matching the low 
mechanical impedance of the speaker to the very high mechanical impedance of the 
heavy brass headholder). Most of the work done by the subwoofer was against the 
high stiffness and mass of the ear bars, not the animal, which limited the dynamic 
range of the actuation. In the end, the utility of this subwoofer/lever system was 
limited by the low-frequency resonance of the subwoofer's cone, and the onset of 
buckling of the cone for larger displacements. 

In the next iteration of the design, we used two Redback AS3032 speaker actuators 
directly under each (left and right) arm of the earbars (abandoning the lever between 
the speaker cones and the ear bars). This did provide a higher corner frequency, 
because the speakers were smaller and had a higher first resonance frequency, 
however in this design (like the first), the dynamic range of the actuation was limited: 
the ear bar stiffness was too high relative to the stiffness of the speaker cones, and the 
buckling force of the cones was too low. 

5.2.2 Aluminium/L-shaped headholders on speaker actuators 

In an attempt to increase the dynamic range and bandwidth of the actuator, we 
started to use an ear bar with a much lower mass (Figure 5.1C) which was mounted 
directly onto the actuating speaker (AS3034; Redback, Australia). The low axial 
stiffness of the audio speakers demanded a low mass for the headholder, in order to 
raise the resonance frequency of the system(hence the aluminium construction). This 
adjustable-angle aluminium headholder was soon replaced with an L-shaped head 
holder with even lower mass (Figure 5.1D), and the guinea pig was attached to the 
head holder via a snout clip which was cemented to the exposed bone of the snout 
with dental cement. This snout attachment allowed the left/right angle of the guinea 
pig’s head to be adjusted during the surgery, and sound delivery tubes were then 
glued into the ear canals. 

The first resonance of the speakers used (AS3034) was 130Hz when unloaded, 
which lowered when mass-loaded with the headholder (even the low-mass aluminium 
one). Various strategies were used to reduce the quality of the resonances  
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Figure 5.1 The evolution of the head actuators, including the replacement of the stiff brass ear bars 
with lighter more mobile head holders, and the replacement of the dynamic speakers with the V4 
actuator. The head holder also evolved, as did the nature of the restoring stiffness on the V4 actuator. 
See text for a description of the changes and the reasons behind them. 
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encountered. Damping pads made of rubber, silicone (PinkySil), Sorbothane were 
attached to the AS3034 speaker cone (Figure 5.1E). Honey-filled damper pots (Figure 
5.1F) were also attached to the headholders in an attempt to reduce the resonance of 
the speakers. While these damping measures did increase the amount of stable gain of 
the PID, inevitably they also increased the overall mass and/or stiffness of the system, 
further decreasing the open loop gain of the actuator and/or decreasing the useable 
bandwidth of the PID control loop. 

Off-axis vibration of the headholders also added resonances within the feedback 
loop, which could not be nulled by the active stabilization, which was in the vertical 
axis only. Side struts and ‘potting’ of the headholder was used to reduce resonances in 
off-axis vibration modes (Figure 5.1G). Figure 5.1H also shows a very lightweight L-
shaped aluminium headholder potted with light-weight polyurethane foam to increase 
stiffness and attenuate off-axis movement. While all of these changes were 
improvements, none of them allowed us to achieve the bandwidth and dynamic range 
required. The various systems always oscillated before sufficient feedback stabilization 
was achieved. 

5.2.3 Snout clamping versus ear-bars with a bite-bar 

In the L-shaped prototypes, the animal’s skull was not fixed at the teeth and ear 
canals, as in a traditional ear bar, but by exposing and drying the bone of the snout at 
the front of the skull, and cementing this dried bone to the headholder with acrylic 
dental cement. This had the advantage of allowing easy adjustment of left/right skull 
tilt before cementing, for RW access after the bulla was opened. However, the 
reduction of the pulse artifact was less successful with these designs, presumably 
because of some residual dynamic rotation of the skull around the snout-fixation point 
(the application of the force from the actuator did not go through the centre of 
percussion of the whole assembly, so a gyration of the whole skull was produced). 

Subsequently, we went back to a three-point skull fixing design (two ear canals, 
plus snout). In headholder prototypes without ear canal screws, probe tubes were 
glued directly into the ear canals, and the ear buds speakers were secured to the side 
of the actuator. An intermediate L-shaped head holder was also abandoned when it 
became apparent that for accurate minimization of bulla movement, the ear canals 
themselves had to be moved directly by the actuator, rather than indirectly via 
movement of the snout some distance away. There was also a degree of rotation of 
the guinea pig skull when it was attached to the actuator at sites other than the ear 
canals, even when the ipsi-lateral bulla in which vibration measurements were to be 
made was centred above the central axis of the actuator. 

5.2.4 Change of actuators from speakers to V4 

Because of the limited bandwidth and low axial stiffness of the speakers, the speaker 
actuator was ultimately replaced with a DC-coupled (modal) minishaker actuator (V4; 
Data Physics). The extra bandwidth it offered was required for any feed-forward 
predictive cancellation of the higher harmonics of the pulse artifact (>30Hz; see 
Appendix). In the end, this feedforward (predictive) cancellation of the pulse and 
ventilation artifacts was not used, but the increased bandwidth of the V4 minishaker 
did improve the active PID feedback stabilization anyway. 
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5.2.5 Carbon fibre headholders 

Even with the higher axial stiffness and higher resonance frequency of the 
modified V4 actuator (see later), the headholder mass needed to be reduced further to 
maximize stabilization bandwidth. To put the mass of the headholder in context, the 
minimum possible mass loading of the actuator was approximately the 32g of the 
guinea pig head (at the age of the animals used). That is, the headholder mass had to 
be reduced to a fraction of the head mass, but there was little to be gained by reducing 
it to much less than a fraction of the head mass. It should also be remembered that the 
resonance frequency of the resonator formed by the actuator stiffness and the 
head/headholder mass is proportional to the inverse of the square root of the mass. 
To extend the bandwidth of the actuator as far as possible, we had to increase the 
actuator stiffness (which would require more power to achieve a fixed displacement), 
or reduce the head/headholder mass, but this was limited by the head mass of 32g. 

Ultimately, carbon fibre was used for create low-mass rigid headholders (Figure 
5.1I-L). The coefficient of thermal expansion of the carbon fibre and/or the epoxy glue 
used to fix the carbon fibre components was not a major issue, because any thermal 
drift of the headholder was ‘shared’ by the electrode and the optic probe, and was 
therefore stabilized by the PID feedback loop. The first carbon fibre headholders 
(Figure 5.1J, K) mounted the skull horizontally without the ability to rotate the axis of 
the animal's head, and were only used as a proof-of-principle for the lightweight 
headholders, demonstrating that they increased the bandwidth of the PID clamp 
significantly, and hence allowed reduction of the high-frequency components of the 
pulse movement when PID feedback stabilization was on. Only in later prototypes was 
the issue of tilting of the skull to produce the correct angle of approach addressed 
(Figure 5.1I, L). Unfortunately, to maintain the low mass, we could not make the final 
carbon fibre head holder adjustable, although the skull angle could be adjusted before 
cementing to the headholder. In the final headholder design used (Figure 5.1L), the 
sound delivery tubes were fed through tapered and threaded nylon screws (for 
insulation) that held the bulla clamped on each side of the head. The snout was 
cemented to the base of the headholder with acrylic dental cement to prevent rotation 
of the skull. 

5.2.6 Forehead leaf springs to minimize off-axis movements 

When the active stabilization was first used in vivo, it was discovered that it failed 
to null ventilation movements of the BM itself, and in some cases even made the BM 
artifact larger when the PID stabilization was activated (Figure 5.2). This was in spite of 
the fact that the skull displacement along the sensitive axis of the optic probe was 
stabilized, as measured by the optic probe. Initially this failure to clamp the BM 
movement while reducing the skull movement was confusing, and was initially thought 
to be an instrumentation problem (due to electrical feedthrough in the PID drive 
circuitry, or earth loop error). In the end, when checks of the electrical signals within 
the system excluded earth loop and feedthrough, we decided to monitor the skull 
movements in 3D, in case there was an off-axis movement (not along the axis of the 
optic probe) that created problems for the microelectrode displacement probe. That 
is, was it that complex three dimensional movement of the head was being clamped 
successfully along the axis shared by the optic probe and the V4 actuator, but this 
clamping exacerbated an off-axis head movement that did register (created an output) 
from the microelectrode displacement probe, even though the assumption had been  
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Figure 5.2. In early trials of the active stabilization system, it was found that the artifactual 
movement of the basilar membrane caused by pulse and ventilation movements was not 
always reduced when the PID stabilization was activated (as in this example, with optic probe 
output in the upper trace, and microelectrode response in the lower trace). The problem was 
discovered to be off-axis (non-vertical) movements of the head with pulse and ventilation, and 
off-axis sensitivity of both probes (see text).  
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made that the microelectrode would only be sensitive to displacements along the axis 
of the electrode.To investigate this issue, we had to design and fabricate a small 
capacitance probe as an independent measure of 3D bulla movement, with an earthed 
metal target glued to the skull (see Appendix). 

Figure5.3 demonstrates the optic probe and microelectrode probe sensitivities to 
off-axis (i.e. horizontal) movements of the electrode relative to the target (see Chapter 
7 for details on the microelectrode probe). The electrode probe was at least 10-fold 
less sensitive to horizontal movements (front-back and left-right), compared to on-axis 
vertical movement relevant to BM movement, and the optic probe was even better. In 
this example, on-axis and off-axis movements were produced manually with the XYZ 
manipulator for the system, with the test microelectrode contacting a synthetic target 
(double sided adhesive tape stuck to the bottom of the test dish. The on-axis up-down 
movement was +/-2.5m, while the off-axis movements were exaggerated (+/-12m) 
to over-estimate the off-axis sensitivity. While +/-12m was even greater than the 
pulse and ventilation artifacts that were a constant problem, it was possible that with 
active head clamping the off-axis movements could increase. In any case, it was clear 
that there was an off-axis sensitivity in both probes, especially the microelectrode 
probe, but this off-axis sensitivity was probably acceptable. First, the biological 
movements of interest were almost certainly in the on-axis direction because of the 
pinning of the BM at both edges and the long axis of the OHCs and their length 
changes. Second, we added bracing between the animal's head and the headholder to 
reduce the off-axis movement at its source. Two leaf springs at angles to the front-
back axis of the animal (Figure 5.1) were cemented to the exposed bone on the 
animal’s forehead, which reduced the off-axis ventilation movement ~8-fold. With the 
PID on, this reduced the residual ventilation movement of the BM by ~2-fold. With 
even more development, we may have reduced this further, but we decided to 
continue with measurements, with this modest reduction in ventilation artifact with 
PID feedback, realizing that we had already gained a 2-fold reduction with feedforward 
cancellation of the synchronized pulse and ventilation artifacts (see Chapter 4). 

Overall, the PID stabilization process was adequate in clamping the artifactual 
movements to an acceptable level (an amplitude that did not saturate the 
microelectrode detection process and measurement system). As long as the off-axis 
movements were sufficiently reduced with head bracing and the off-axis sensitivity of 
the optic probe allowed adequate displacement clamping in the vertical on-axis 
direction, then the microelectrode could do its job of detecting biological movements 
in the on-axis direction, even if there were some troublesome on- and off-axis 
artifactual movements that did not saturate the electrode detection system. 

As a final comment for this section, although the capacitance probe measurement 
was sufficient to identify the troublesome off-axis movement, the technique's DC 
stability was poor. The low sensitivity of capacitance probe meant that the target and 
probe had to be very close (within a few micron) before a useable signal could be 
measured. At that close distance, continual condensation build up on the bulla target 
and probe caused artifactual signal drift, often shorting out the measurement entirely 
every few minutes. This highlighted one of the main disadvantages of the capacitance 
probe technique, as a probe for both skull movement for PID stabilization, and as a 
direct BM measurement technique, as emphasized by the poor low-frequency stability 
found by previous authors (Wilson and Johnson, 1975; Le Page,1986). It also  
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Figure 5.3 Changes in up/down target position simultaneously registered by the optic probe (upper 
traces) and microelectrode probe (lower traces). Movements of the target (stippled areas) were 
either in the on-axis direction (up-down; left-most traces), or the off-axis front-back direction (middle 
set) or off-axis left-right direction (rightmost set). For the up-down direction, the movements were 
+/- 2.5um (the leftmost response is for the target moving away from the electrode tip, producing a 
drop in resistance). For the off-axis directions the movements were almost five times larger (12um) 
to emphasise any off-axis sensitivity of the two probes, although the responses shown have been 
scaled by the inverse ratio (x 2.5/12) for direct comparison with the on-axis sensitivity at the left. This 
increased movement in the off-axis directions overestimated the off-axis sensitivities, which were 
worst in the left/right direction, but were still less than 20% of the on-axis sensitivities. Moreover, 
the off-axis movement artifacts were themselves attenuated in animals by the stabilization straps 
cemented to each animal's skull. 
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emphasized the wisdom of our choice to use an optic probe to measure skull 
movement for PID stabilization, and the development of the microelectrode resistance 
probe to measure the movements of the organ of Corti under water. 

5.3 The V4 head actuator 

5.3.1 Stacked piezo actuators in neuroscience 

In neuroscience, electrode actuators or ‘micro drives’ are generally mounted on 
the electrode micromanipulator with the animal’s skull held in rigid ear bars. In our 
design, it was the guinea pigs skull that was moved relative to the electrode, which 
was held fixed on the micromanipulator stage. As mentioned earlier, the reason for 
this choice was that piezoelectric (‘piezo’) actuators presently available are costly, 
require their own high voltage source drivers, have a very limited dynamic range, and 
suffer from significant hysteresis (20-25%). This hysteresis seems to not originate from 
any inherent hysteresis in the piezoelectric crystals, but from ‘station’ between 
individual piezo plates, stacked together to increase the dynamic range of 
displacements available. Indeed, single piezo discs, although very cost-effective and 
readily available, have a very limited range of movement, which would be further 
reduced when mass-loaded by an electrode holder. This limited dynamic range is less 
than the typical thermal drift encountered during an experiment, and so it is not useful 
to use as a DC piezo actuator in vivo to move the electrode towards the BM under 
electronic control. 

5.3.2 Actuator description 

The requirements for the head actuator were that it be DC-coupled, conveniently 
small in size (i.e. it should not stearically hinder the manipulator), have sufficient axial 
stiffness to support the mass of the head and headholder with a high resonance 
frequency, and that the frequency response of the mass-loaded actuator should not 
overly limit the total frequency response of the stabilization system. 

As already mentioned (see Section 1.5.2), early prototypes used audio speakers as 
actuators. They are cheap and readily available, but have low axial stiffness, are 
subject to buckling and therefore nonlinearity and off-axis movements. They also have 
a limited bandwidth (particularly those with large low-frequency displacements 
required here). As a result, the speakers were replaced with a DC-coupled (i.e. modal, 
as opposed to inertial/AC-coupled) V4 minishaker actuator (V4; Data Physics), which 
had an advertised first resonance at 12kHz. Unfortunately, the V4 is a force transducer, 
rather than a displacement transducer, with a flat acceleration frequency response 
rather than a flat displacement frequency response. They are designed for vibration 
testing in industry, and so are designed to provide approximately constant force across 
frequency (regardless of load; B&K Vibration testing application note). Hence a stiff 
load had to be applied to the V4 to make it a displacement transducer, which reduced 
the dynamic range of displacement, but this also increased the actuator's bandwidth. 
This is analogous to the gain/bandwidth tradeoff in operational amplifiers. 

In designing and fabricating the stiff load required for the V4 actuator, the primary 
difficulties we encountered were that we had to make a structure that would: (a) be 
sufficiently stiff to have its first resonance at higher than 400Hz (at least when 
unloaded by the skull and headholder); (b) support the headholder symmetrically (to 
avoid off-axis movements or gyrations and resonances in the headholder); and (c) not 
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introduce its own resonances below 400Hz. We trialed many stiffness loads for the V4, 
until we settled on the simplest and most well behaved: a flat brass plate, as described
below.

5.3.3 V4 stiffness loads (frequency response and drift)

  The  frequency  responses  of  the  various  actuator  and  headholder  combinations 
were  tested  by  driving  the  PA30E  and  V4  minishaker  directly  from  a  digital  function 
generator (HP, model3325A) with a frequency sweep, while monitoring the amplitude 
of the V4 displacement with the optic probe. Note that because the optic probe could 
only detect displacement/vibration in one dimension only (along the photodiode axis), 
the  presence  of  off-axis  resonant  modes  in  the  various  stiffness  loads  could  not  be 
measured  (at  least  not  directly),  except  where  off-axis  vibration  caused  side-to-side 
movement  of  the  optic  probe  whisker  that appeared as  vertical  movement.  We 
inferred that resonances were off-axis if the frequency or amplitude of the resonance 
could  be  modified  by  adding  damping  elements  (‘Pinkysil’  silicone  or
‘Sorbothane’)around  the  headholder  or  the  stiffness  plate.  The  various  stiffness  load 
prototypes (Figure 5.4) and their issues are listed below, in chronological order.

Single  narrow  metal  strap  across  V4  top (not  shown  in  Figure  5.4) : Because  the
headholder  was  only  supported  in  one  direction  (parallel  to  the  strap),  the 
headholder was prone to off-axis vibrations and resonances. The act of wrapping the 
strap sides around the V4 edge also bent the sides of the strap, which caused strain 
hardening  of  parts  of  the  strap,  and  destroyed  the  simple  symmetry  of  the  straps 
geometry, and contributed to the various complex vibration modes  of the top  plate 
that were observed.

Two orthogonal U-shaped metal straps (Figure 5.4A): This prototype also had some off-
axis  headholder  vibration  modes,  and  was  difficult  to  attach  to  the  V4  without 
asymmetrically biasing the V4 spindle.

Metal ‘can’ secured over V4 top (Figure 5.4B): The major difficulty here was fabricating
a brass ‘can’ to fit precisely over the V4. Unfortunately, the ‘can’ diameter was larger 
than the V4, and pulling the sides in towards the V4 to secure it caused asymmetric 
bending  of  the  top  plate.  This  presumably  made  the  prototype  prone  to  vibrations 
across the top plate, that were transmitted to the head holder.

Helical  metal  compression  spring (Figure  5.4C): It  was  simple  to  make  this  prototype
symmetric, but readily available compression springs (Boynes Springs, Osborne Park)
were not sufficiently stiff. The resonance frequency (and so corner frequency) of the 
system with helical compression springs was far below the 300Hz required. Sourcing 
springs  made  of  other  metals/materials  would  not  have  increased  the  spring 
stiffness,  because  the  Young’s  Modulus: density  ratio  of  all  spring  materials  are 
similar.  Compression  springs  with  a  square  cross-section  are  stiffer  than  the  more 
common circular cross section per unit length (Swieskowski, 1979), but they were not 
readily available.

Silastic  (‘Pinkysil’)  gasket  &  brass  disk (Figure  5.4D):The  major  advantage  of  a  gasket
spring  was  that  the  stiffness  of  a  gasket  is  inversely  proportional  to  its  thickness
(k=dF/dx= modulus x area/thickness, so k increases inversely with thickness; Lindley, 
1966).  Therefore  stiffness  could  be  easily  controlled  by  pouring  a  silicone  gasket  of 
desired thickness.  With  a  custom-made  Silastic  spring  gasket  the  displacement-
frequency response was flat to ~450Hz unloaded by the head, but reduced 
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Figure 5.4 (A-F) Evolution of the V4 restoring stiffness. Changes were required to provide 
sufficient stiffness to increase the mechanical corner frequency, while avoiding thermal drift 
and mechanical creep when a displacement step was applied. The lower trace (G) shows the 
frequency response of the final V4 design, which shows adequate response to nearly 300Hz, but 
resonances at higher frequencies. The combination of the higher frequency resonances and the 
inertia of the 32g head limited the stabilization at high frequencies. 
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significantly  if  the  32g  head  was  aboard. This  first  resonance  was  mechanically 
damped  with  a  damping  ‘paddle’  in  viscous  fluid  (Figure 5.4D,  damping  paddle  not 
shown). Holes were drilled in the brass top plate, so that the top plate itself acted as 
a  damping  ‘paddle’  when  submerged  in  viscous  fluid.  The  viscous  fluid  was  chosen 
according to the degree of damping required: by changing to a less viscous fluid, the 
bandwidth of active movement cancellation could be increased. Honey, castor oil and 
vegetable  oil  were  all  used.  Unfortunately,  this  design  was  found  to  suffer  from 
significant  drift  when  the  feedforward  system  was  installed  which  moved  the 
actuator over many um to land the electrode under electronic control. When the V4
spindle  was  displaced  by  10-20m,  the  gasket  would  slip  relative  to  the  brass  top 
plate,  causing  sudden  an  unpredictable  displacement  jumps.  This  slippage  was 
unacceptable,  because  the  feedforward  current  source  circuit  was  to  be  used  for 
landing  the  electrode  onto  the  BM  with  micron  accuracy.  The  drift  was  caused  by 
inadequate  adhesion  of  the  silicone  gasket  to  the  brass  top  plate.  A  layer  of  epoxy 
between  the  silicone  and  metal  did  not  fix  the  problem.  Interestingly,  adhesion 
between silicone and metals has been a long-standing problem in materials science,
since the introduction of silicone as a replacement for natural rubber.

Flat stiffness plate (Figures 5.4E and F): Like the silicone gasket spring, the stiffness of a
brass  plate  could  be  easily  adjusted  by  selecting  the  appropriate  plate  length  and

3width [Ix=(h b)/12; where k proportional to b]. This prototype differed from the metal 
U-shaped bars and the metal can designs in that the plate was secured directly to the 
top  surface  of  the  V4  instead  of  trying  to  wrap  the  edges  of  the  plate  around  the 
round sides of the V4. The brass plate had to be secured to the V4 in such a way that 
the  plate  would  not  drift  when  large  (many  um)  displacements  were  applied  to  the 
plate by the V4. Initially, the plate was glued with epoxy onto solid round brass rods 
at  either  end,  which pre-determined  the  moveable  length  of  the  plate.  This  design 
had problems with mechanical  drift when open  loop feedforward displacement was
used.  The  reliance  on  epoxy  made  the  plate  liable  to  creep  when  10-20m 
displacements were applied to the plate (Figure 5.5A). A better design was to clamp 
the  plate  to  the  V4  top  surface  with  heavy  brass  bars,  themselves  bolted  onto  the
table top with long bolts. When 10m and 20m displacements were applied (Figure 
5.5B),  the  plate  creep  was  <1.5% of  the  displacement  (i.e.<150nm creep  with  a
displacement  of 10m).  The  creep  of  the  plate  was  always  upward,  regardless  of 
whether the displacement was up or down. This was consistent with resistive heating 
of the V4 coil with 1 to 2 Amps passing through it, rather than creep of the plate. The
plate stiffness was 12m/1A through the V4, with resonances at 532Hz and 2208 Hz
(see Figure 5.4G). The first resonance of the minishaker decreased when mass-loaded 
by  the  headholder  and  animal  skull,  therefore  the  mass  of  the  headholder  was
minimized as much as possible.

5.3.4 Actuator noise floor, dynamic range and nonlinearity

  Another advantage of the V4 minishaker over the speaker actuators was that the 
axial stiffness reduced the transmission of table/building vibration, and the amplitude 
of the pulse and ventilation artifacts in vivo.The dynamic range of stabilization was also 
not limited by the PA30E power supply, but by the PID circuit's power supply rails. The 
stiffness  of  the  V4  load  had  to  be  adjusted  so  that  the  ±18V  PID  range  matched the 
dynamic range of V4 displacement required for landing the electrode under electronic
control. The V4 was linear over a range of more than +/-1500m without PID feedback  
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Figure 5.5 (A) Mechanical creep of the V4 actuator in response to a step drive of +/-1 Amp, 
producing displacements of about 4um with a large slow creep associated with the epoxy 
component of the structure. (B) As in (A), but without an epoxy component, but all-brass 
construction. Mechanical creep is reduced significantly to about 1.5% (150nm/10um). Note also 
that the total stiffness of the restoring spring increased relative to the design in (A), which 
increased the corner frequency of the movement, but lowered its sensitivity. 
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(data not shown). Any non-linearity of the V4 displacement relative to the V4 drive 
would have been evident when the feedforward system was used. Also, any non-
linearity of the PA30E or V4 displacement was within the PID feedback loop, and 
therefore was linearized when the PID feedback was on. 

5.4 Modifications to the V4 power amp (PA30E) 

The V4 minishaker required a power amp driver (PA30E; Data Physics). The 
sensitivity and frequency response of the V4/power amp combination was not limited 
by the V4 itself, but by the manufacturer's design of the power amplifier unit. Several 
simple improvements were made to the PA30E, as described below. 

Frequency response (AC coupled):The PA30E had a capacitor to ground in the feedback 
pathway, used in audio applications to decrease low-frequency response. In fact, the 
circuit inside the PA30E was very similar to the ‘typical application’ circuit found on 
the power amplifier chip datasheet (LM3886), from which the PA30E circuit was 
almost certainly copied. This capacitor was removed to produce a flat frequency 
response at low frequencies to DC. After this modification the final frequency 
response of the PA30E was flat to well beyond 5kHz.  

Electrical noise floor of PA30E: The electrical SNR of the PA30E was initially only 100:1, 
which was improved greatly by the following modifications:(a) The power supply 
inside the PA30E box was replaced with a separate regulated ±3A, ±32V split supply 
(made from two separate regulated power supplies; Powertech MP3086; Jaycar 
Electronics). The original PA30E power supply was unregulated and electrically and 
magnetically unshielded so that the toroidal transformer radiated mains interference 
(50Hz and harmonics) directly onto the signal pathway on the PCB. The signal 
pathway on the PCB was also replaced with a shielded cable. (b) An attenuation 
resistance was added at the PA30E output, so that the PA30E could be operated at 
maximum (x11) gain and then resistively attenuated (to improve SNR).(c) In future, 
the SNR could likely be further improved by a factor of 10 by replacing the external 
power supply with a 10A rather than 3A supply. The higher current power supply 
would allow for ~3 fold larger drive from the PA30E with ~3 fold more attenuation at 
the PA30E output, which would resistively lower the noise floor by 9 fold. 

Distortion, non-linearity and drift of the PA30E: Any non-linearity and drift of the 
PA30E or V4 displacement was within the stabilization feedback loop and therefore 
was linearized when the PID feedback was on. The non-linearity of the PA30E was 
assumed to be the same as its internal LM3386 power amplifier chip. 

5.5 The feedforward positioning system 

5.5.1 Overview of the feed-forward drive system 

A feedforward (FF) drive system was introduced to allow adjustment of skull 
position relative to the electrode to land the electrode onto the BM under electronic 
control with a resolution of ~m. The feedforward circuit consisted of a power 
amplifier circuit, modified to be a constant current source (see Appendix). The FF drive 
signal was subtracted at the input to the PID with a mixer pot, to allow open-loop 
adjustment of the V4 position while the PID feedback was on, without the PID ‘fighting’ 
the DC movement. The skull position could also be adjusted by changing the PID set 
point, but the dynamic range of that adjustment was limited (by the +/-18V power 
supply range of the PID circuitry when on maximum gain). A potentiometer controlled 
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the DC output of the FF circuit. The FF and PID outputs were monitored with analog 
meters, to ensure that the PID was not ‘fighting’ the FF drive. As such, any drift of the 
FF system would have caused drift of the animal when the PID was on, since the FF 
was intentionally outside the feedback loop. 

5.5.2 Drift (mechanical, thermal, and electrical) 

Mechanical drift of the V4 stiffness plate with feedforward displacements of many 
um were <1%, and was dominated by thermal heating of the V4 coil. The FF circuit 
output may have had electrical drift, and any such drift would not have been nulled by 
feedback, although this was limited by the constant-current feedback. There was no 
evidence of such drift in trials we performed, nevertheless we reduced any chance of 
such a drift by keeping the use of the feedforward circuitry to a minimum, and when 
used we strived to keep the magnitude of the feedforward current to a minimum 
(which would minimize thermal drift from the V4 actuator). 

5.5.3 Properties of the feedforward system 

The noise floor of the feedforward system was limited by electrical voltage noise 
of the LM3386 (which was not a low-noise chip). To lower this electrical noise floor, 
the circuit output was attenuated by adding resistors in parallel with the V4 load, 
unfortunately increasing the voltage output of the FF circuit per um of displacement. 
This addition of parallel resistors is the current equivalent of series resistors in a 
voltage circuit. The noise floor of the optic system with FF on versus off was near its 
noise floor without the FF input. The electrical noise floor of the FF circuit was further 
improved by using a battery power supply instead of regulated mains switch mode 
power supply unit. Two 40Ahr car batteries provided a split +/- 12V split supply.  

Once the problem of the slippage of the V4 stiffness plate was solved, there was 
no significant distortion or non-linearity of the FF circuit. Because the FF advancement 
of the skull was routinely done with the manual micromanipulator, just far enough to 
land the electrode, the nonlinearity of the minimal FF control used was not significant. 
The dynamic range of the feedforward circuit was limited by the added stiffness of the 
V4 actuator, which was dictated by the desired frequency response of the V4 actuator 
for successful feedback stabilization at higher frequencies. 
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6 PID feedback 

The purpose of the feedback process used here was to monitor unwanted 
movements of the skull (cochlea) in the sensitive direction of the BM microelectrode 
probe (vertical), and correct them by moving the head in the direction opposite to the 
unwanted movement. With high-gain and noiseless feedback, the unwanted 
movements could be made arbitrarily small, unless the phase delay through the 
system were too large, in which case the system would oscillate The conditions of 
instability and oscillation are governed by the two Nyquist stability criteria: total loop 
gain greater than 1, and a phase delay around the entire system that is a multiple of 
360o. 

6.1 Review of feedback stabilization algorithms 

While predictive (feedforward) stabilization algorithms can successfully eliminate 
predictable repetitive disturbances (e.g. pulse and ventilation movements), 
disturbances such as thermal drift are neither repetitive nor predictable, and hence 
they require feedback stabilization. PID control, in particular, is a feedback algorithm 
ubiquitous in control systems engineering, whereby the feedback signal is the sum of 
three components: a component proportional (‘P’) to the error signal, one 
proportional to the derivative (‘D’) of the error signal, and one proportional to the 
integral (‘I’) of the error signal. The P component of the signal is simple feedback as 
usually understood, while the D component tends preemptively to correct errors 
rapidly, and the slower I component 'mops up' any residual error over time. The 
relative proportions of P, I and D in the feedback signal for optimal feedback can either 
be determined by a very large set of rules, or almost as commonly they can be set 
empirically via a process known as ‘tuning’ (see Section 6.4). Compared to simple 
on/off or proportional feedback control (P only), PID feedback results in a shorter rise-
time, less overshoot, and smaller steady-state errors. We chose to use PID feedback 
because it was clear that we would need a large amount of feedback to stifle the 
artifactual movement known to be present, and it would be likely that simple 
proportional feedback alone would not provide sufficiently large or sufficiently stable 
feedback, nor sufficient bandwidth to reduce all artifacts to a small enough residual. 

6.2 PID history 

The development of PID control was driven by the changing needs of industry in 
the late nineteenth and early twentieth century, as industrial and manufacturing 
processes changed from large-volume batch-processing to small-volume continuous 
processing (Bennett, 1993). Astoundingly, PID control developed first to control the 
continuous processing of milk (pasteurization). While the batch pasteurization of milk 
involved systems with large capacity and long time constants which were therefore 
tolerant of large undershoots and overshoots of the heating element temperature (or 
‘hunting’ as it is known in control systems; Bennett, 1993), in the continuous 
processing of milk a constant stream of milk is passed over a heated plate, and under-
shoot or over-shoot of the hot plate temperature would be unacceptable (it would 
result in either unsterilized or burnt milk). Various PI and PD controllers began to be 
developed in the 1920s and 30s (Bennett, 1993a,b), although these improved 
controllers were not understood fully until the theoretical understanding of PID 
control was formalized by Minorsky in 1922 (see Bennett, 1993a). The first true PID 
control systems were marketed by both Taylor and Foxboro Instrument companies in 
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1939, and the mechanical nature of these early PID controllers meant that there were 
major difficulties with nonlinear mechanical elements in the feedback path. 

As it now stands, PID control is the most common control algorithm in use today, 
and PID algorithms are now implemented electronically, almost exclusively using 
software. Although analog electronic PID control circuitry is straightforward (analog 
integrators and differentiators each require just a single operational amplifier and a 
few resistors and capacitors), software PID is more convenient and flexible, without 
the need to physically change hardware components in the tuning process or adapting 
the control system to different uses. These days, references to analog PID control in 
the literature are virtually non-existent, although analog PID control has one distinct 
advantage over software PID: software feedback can have significant software 
latencies that cause instability of the feedback, as described by the Nyquist phase 
criterion, and this can produce oscillations. On the other hand, analog PID has far less 
latency (almost insignificant in most applications), and therefore it allows greater 
stable gain with a wider resulting bandwidth. It is used, for example, in the stabilization 
of the read/write heads of DVD players. As will be seen, a large software latency has 
been the downfall of some systems developed previously in an attempt to stabilize 
mechanical measurements within the cochlea, while our switch to hardware PID 
control allowed our system to be successful. 

6.3 PID implementation in the present study 

6.3.1 Analog PID versus software PID 

Originally we (like others) developed a software-based PID controller that digitally 
input the error signal via an analog-to-digital converter in a National Instruments USB-
6009 multichannel data acquisition card, and mathematically calculated P, I and D 
outputs using custom-written software (Labview 7.0; National Instruments), mixed 
them according to our tuning process, and then output the resultant PID feedback 
signal via the digital-to-analog (DAC) output of the data acquisition board. 
Unfortunately, the point-by-point output rate was limited to 150 samples/s, with a 
latency that caused Nyquist instability at the gains we required (note that even this 
slow throughput was faster than the 0.5Hz update rate used by Mammano et al.). 
Unfortunately, we also discovered that the DAC output rate of a 'higher specification' 
multichannel data acquisition board (National Instruments USB-6211) was also limited 
to approximately 150 samples/s, although advertised as 250kHz. The higher output 
rate was only available for array output, which was not suited to the PID feedback 
algorithm required. This appeared to be a ubiquitous limit inherent in running the USB 
DAC hardware from National Instruments, driven by software written in Labview 7.0. 
Given that the low output rate occurred even when all software overheads were 
removed, it was clear that the limit was a hardware limit within the DAC circuitry. 
However, this apparent setback had its advantages, because it led us to substitute 
analog PID control for the slower digital PID control. After a few preliminary trials to 
demonstrate the utility of analog PID control using simple operational amplifiers, we 
built an analog PID control circuit (Appendix) comprised of a small number of 
operational amplifiers, acting an error amplifier, and supplying the proportional (P), 
integral (I) and differential (D) feedback signals. The PID coefficients were simply set 
with potentiometers in the mixer section of the circuit. 
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6.3.2 PID circuit description 

A difference amplifier provided the error signal by subtracting the optic 
displacement signal from our displacement command signal. The command signal 
came from the PID command circuit (Appendix), which could be fed from a function 
generator (Hewlett-Packard, model 3325A), and the command amplifier also had a 
variable DC offset (allowing for DC movements of the PID command). When the optic 
probe was driven with a constant LED light source, the PID command circuit could be 
fed directly with the baseband signal from the optic probe's post-amplifier. Earlier, 
when the optic probe was driven with a chopped LED light source so that the probe 
output was an amplitude modulated (AM) displacement signal, the AM signal had to 
be demodulated back down to baseband before it was fed to the PID command 
circuitry, which was done with an analog synchronous detector (Appendix) which 
provided a bipolar output around zero. Unfortunately the low-pass filter used in the 
synchronous detector to remove any AM carrier (the LED flash rate) introduced a 
phase roll of the displacement signal, that reduced the stability of the PID feedback at 
high gains. The eradication of the synchronous detector's phase delay was the main 
impetus for changing from AM or chopping mode to a constant LED light source that 
produced a baseband displacement signal. 

The gains or coefficients for the P, I and D signals were determined by resistor and 
capacitor values, which were arrived at iteratively. P, I and D feedback could also be 
turned on and off via switches to aid the tuning process, and potentiometers at the 
output of the P, I and D op amps were also used to vary the relative proportions of 
each component in the final PID output (Appendix). The outputs of the P, I and D op 
amps were fed to a final summing amp, which also served as a buffer amp between 
the resistive attenuators and the 10kOhm input of the PA30E power amp driving the 
V4 head actuator. 

6.4 PID tuning (moving poles and zeros) 

The process of determining the relative mix of P, I and D in the feedback signal for 
optimum closed-loop response characteristics is known as PID tuning (Vilanova and 
Visioli, 2012). What determines the optimum closed-loop response depends on the 
requirements of the control system (e.g. how tolerant is the system to overshoot or 
undershoot or what response speed is required?). As with the development of PID 
historically (Bennett, 1993), PID tuning was first approached empirically, and PID 
tuning was not formalized until several years after the first tunable PID controllers 
became commercially available (Ziegler and Nichols; 1942). Now, in the literature there 
are innumerable different methods for determining optimal PID tuning, many of them 
similar to each other, and many of them highly complex (Vilanova and Visioli, 2012). 
Unfortunately, many tuning paradigms are either inaccessible, or not much better than 
empirical tuning. In spite of this (or perhaps because of it), it is estimated that more 
than 80% of PID controllers in industry are not optimally tuned, and very often PID 
systems are never turned away from default ‘factory' settings. The present study used 
the Ziegler-Nichols tuning algorithm (Vilanova and Visioli, 2012), whereby P, I and D 
feedback components are introduced in that order, and the gain of each component is 
slowly increased to maximize gain without causing the system to oscillate. This 
algorithm was used because most other tuning algorithms are derived from this 
algorithm, because it provided ‘good enough’ stabilization, and because it allowed for 
the PID tuning to be adjusted manually from experiment to experiment (characteristics  
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of the system were liable to vary slightly from experiment-to-experiment, according to 
factors such as the optic probe operating point and loop gain, or the mass of the head 
of any particular animal). 

The process of choosing optimum control settings for PID control, in terms of 
stability and response time, can be understood unequivocally by modeling the time- 
and frequency-domain behaviour of the complete feedback system in the complex s-
plane (we have done so in Labview 7.0, but these results are not presented here: there 
are many texts and websites devoted to such modeling of complex control systems 
and their 'root locus' analysis). While optimal PID tuning can be determined 
mathematically in simple systems (Vilanova and Visioli, 2012), most systems are too 
complex to model mathematically (at least conveniently), and ‘good-enough’ PID 
tuning can be accomplished empirically in any case. Figure 6.1 shows the block 
diagram of the open-loop stabilization system developed in the present study (the V4 
head actuator, head holder, and skull). 

Figure 6.2 presents three examples of the hard turn-on transient of the PID 
stabilization system as measured by the optic probe in animal's post mortem (thereby 
avoiding interference from pulse and ventilation movements, but maintaining the 
mass loading of the head holder and V4 by the animal's head. On activation of the PID 
stabilization there is an initial blocking transient (square pulse at turn on), followed 
immediately after by oscillations at the various resonance frequencies of the overall 
system. The top trace is clearly over tuned, and resonates for some time before 
settling. The different resonance frequencies are partly determined by the passive 
mechanical properties of the system components (mainly the V4 actuator and the 
mass loaded headholder), and partly by the settings of the PID controller. The turn-on 
transients are different in each animal because the passive mechanical properties of 
the head and its support are not identical, and partly because the PID controller was 
not tuned exactly the same in each animal, although the stabilization achieved is 
sufficient in each case. Note, too, that the exact resonances of the stabilization system 
are not particularly important to the response of the microelectrode probe, except in 
its noise floor, where environmental noise may be filtered differently by the active 
stabilization system before manifesting as noise in the microelectrode signal. 

The changes observed in the system's time-domain step response can be viewed 
as a decrease in the step response's amplitude (equivalent to a stiffening of the 
system), and a drop in the step-response's exponential time constant (the system 
became faster). When the amount of proportional feedback was increased too far (P 
gain was too high), the system became unstable and oscillated at what might be called 
the ‘P oscillation’ frequency (lower than the passive resonance frequency of about 
530Hz without the mass-loading by the head, as would be expected by simple Nyquist 
instability, and visible as a spectral peak in the over-tuned case of Figure 3.3 where the 
lowest resonance near420Hz). If the P coefficient is reduced slightly to ensure stability, 
subsequently increasing the I feedback moves the system poles closer still to the origin 
of the horizontal axis, which is seen as a further improvement in the time-constant of 
the near exponential step response. This also increases the imaginary component of 
the poles, corresponding to an increase in the natural frequency of the closed-loop 
system. The closer this pole pair moves to the imaginary axis with further increases in 
the I coefficient, the more prone the system is to oscillation (the Q of the resonant 
response increases so that the transient oscillation at the start of the step response  
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Figure 6.1 Block diagram of the PID stabilization system. After considerable development, 
components shown as grey were considered to have a sufficiently wide bandwidth that they 
were of no consideration in analysis of the PID feedback process (the optic probe had a 
bandwidth from DC to near 50kHz, and the optic post-amp and PA30E power-amp had 
bandwidths greater than 10kHz). The most significant components were the V4 actuator with its 
added stiffness restoring plate (with its lowest resonance near 530Hz, Figure 5.4), and the mass-
loaded head holder. The fact that the oscillation frequency when the P value of the PID 
controller was too high was near 530Hz indicates that the V4 was the dominant resonance 
limiting the stability of the PID feedback, and that development of the head holder to avoid its 
own resonances was successful (Chapter 5). Overall the system performed sufficiently well to 
allow head stabilization which attenuated thermal drift completely, and very low-frequency 
building rumble almost 1000-fold, while attenuating air conditioning and other environmental 
vibration between 10Hz and 20Hz 100-fold (see Figure 3.3). 
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Figure 6.2. Examples of the hard turn-on transient when the PID feedback stabilization system was activated 
(without the soft turn-on process described in the text). The oscillations immediately following the 
instrumentation blocking transient (the initial square step) occur at the resonance frequencies of the overall 
system (the system is clearly over-tuned in the upper trace, and yet it finally stabilizes). The different 
resonance frequencies are partly determined by the underlying resonances of the mechanical components 
(mainly the V4 actuator and head holder), and partly by the PID controller settings (see text). 
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takes longer to decay). In our case this ‘I oscillation’ had a relatively low frequency 
(near 230Hz). During the tuning process, if the I value is initially high enough to 
produce a resonance in the system (although not an outright oscillation), then 
introducing a small amount of D gain moves the poles away again from the imaginary 
axis, quenching the "I resonance" and improving stability. If, however, the D value is 
increased too far, another pole pair approaches the imaginary axis, and a second 
higher-frequency resonance dominates, until at a sufficiently high D value the whole 
system oscillates at the higher "D resonance frequency" (in our case higher than 
600Hz, which is the origin of the 700-730Hz peaks in upper and lower panels of Figure 
3.3)). While it is not correct to ascribe any particular resonance to any particular 
coefficient (P, I or D) because they all interact via the complex polynomial 
characteristic equation in s representing the system dynamic equations, it is 
convenient to refer to the oscillations encountered sequentially in the PID tuning 
process as the P resonance, the I resonance and the D resonance. In our system, when 
tuned optimally, the P, I and D gains were in the ranges 0.5-5 V/V,200-2000V/V, and 7-
70mV/V, respectively, and the typical reductions in the vibrations present in the 
systems mechanical noise floor are shown in Figure 3.3 of Chapter 3. 

6.5 Minimizing electrical drift in PID circuitry 

Apart from mechanical drift in any of the mechanical components of our system, 
electrical drift in the PID control circuitry would also have introduced artifactual 
mechanical drift into the feedback loop. Had mechanical drift been present in our PID 
stabilization system, it would have been visible on the displacement response 
measured by the independent BM electrode probe. That is, the BM microelectrode 
probe was an internal control for electrical drift in the PID control circuitry. If electrical 
drift of the PID op amps had been an issue, then high-stability zero-drift or chopper 
stabilized op amps could have been used to eliminate this source of drift, but they 
were not needed. 

6.6 Extending the frequency response of stabilization 

Resonances in any feedback loop limit the amount of feedback gain and therefore 
stability available in the compensated system, because the resonance adds extra gain, 
but more importantly it adds extra phase delay around the feedback loop. This 
problem applies equally well to PID control systems. To be able to increase the PID 
gain to obtain better feedback clamping at DC and low (<1Hz) frequencies, we had to 
eliminate or reduce any resonances in the system (electrical and/or mechanical). In our 
system, resonances were caused by a) actuator resonances; b) headholder resonances 
(including off-axis vibrations); c) resonances in the optic probe (e.g. the earlier lever 
whisker design), and d) standing waves through the table base plate. As each of these 
mechanical resonances was eliminated, the bandwidth of the optic signal and the PID 
output (the feedback gain) could be increased without jeopardizing PID stability, and 
clamping the skull displacement closer to our command response. 

Apart from mechanical resonances limiting stable PID gain, noise in any one of the 
system components would also have limited our ability to reduce unwanted 
movements of the skull. For example, high-frequency noise from any one of the op 
amps in the system would have ultimately driven the skull at that high frequency, and 
this would have degraded our overall noise performance. As a result, low-pass filters 
were initially used at the optic and PID outputs, made with simple RC combinations, 
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but finally these were abandoned. These low-pass filters prevented high frequency 
noise from the optic sensor (some mechanical, some electrical) driving the actuator 
directly, which would have increased the high-frequency noise floor of the PID-
clamped displacement measurement. This could have been a problem, because the 
process of reducing the low-frequency drift and artifacts would have inadvertently 
impaired our ability to measure high-frequency movements. The low-pass filter at the 
output of the PID control circuitry was abandoned because it created a phase roll in 
the feedback loop at high frequencies that unnecessarily reduced system stability. 
Interestingly, we originally had no intention of measuring anything but the slowest of 
(auto-regulatory) responses, until we realized just how wide the bandwidth of the 
microelectrode displacement probes were, as discussed in Chapter 7, and how 
successful our stabilization strategies had become. 

In the end, Figure 3.3 shows the spectrum of the system noise floor, open and 
closed loop. This noise included a very low-frequency room rumble (below 20Hz), 
some air-conditioning spectral peaks between 10Hz and 15Hz (that were avoided by 
turning off the room air conditioning while experimenting), and some low amplitude 
higher frequency movements, possibly due to computer fans outside the room. When 
the PID stabilization process was switched on, notice the large drop in the magnitude 
of the low-frequency rumble, the attenuation of the air conditioning vibration near 10-
15Hz by nearly 20dB, and very little change above 150Hz, because this was electrical 
noise, rather than mechanical noise, and could not be cancelled. When the PID control 
circuitry was slightly over-tuned (P or D too high), the system oscillated or at least 
resonated at its preferred frequencies. As expected, one (the lowest) was similar to the 
mechanical resonance frequency of the system without feedback (when overtuned a 
major resonance occurred near 420Hz as seen in Figure 3.3, which is lower than the 
530Hz resonance of unloaded headholder and V4 actuator because of the mass-
loading of the head). 

6.7 Sensitivity and noise floor of PID feedback 

After all of the improvements in the electrical shielding and earth loops, and in the 
optic sensor, and the abandonment of LED light chopping and the AM mode (which 
also removed the noisy and phase accruing synchronous detector), the noise floor of 
the stabilization system was dominated by mechanical table vibration noise at lower 
frequencies (below 20 Hz) and electrical noise above, which was equivalent to a 
mechanical vibration at high frequencies of less than 1nm. This was clear when the 
optic probe's whisker was replaced temporarily by a fixed (almost immobile) whisker 
that was soldered to the front-end of the optic probe, producing a shadow across the 
optic probes photodiodes at the middle position (equal shadow on both diodes). With 
this setup, there was insignificant mechanical input (noise) as an input to the optic 
probe, and the its output noise was dominated by the electrical noise of the probes 
instrumentation amplifier. Because we had already optimized the illumination level 
(the exciting LED was driven far beyond its design range but kept functional by a large 
heatsink), and the input components of the instrumentation amplifier (using 50 Ohm 
input resistors to reduce Johson noise at the input), and the noise of the DC offset 
adjustment (using a low noise operational amplifier (OP1177) to provide the zero 
offset reference to the AD8429 instrumentation amplifier), the output noise was 
clearly dominated by the output voltage noise of the AD8429, rather than resistor 
noise or its current or voltage input noise. That the noise floor of the optic probe was 
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dominated by the mechanical noise presented to it by its whisker was also supported 
by the fact that the input noise was variable with changes in the test environment, 
most notable it was altered by turning on and off the laboratory air conditioning, 
preventing colleagues from walking nearby, and by closing the sound proof room door 
(eradicating air conducted acoustic noise). 

6.8 Dynamic range of PID feedback 

The output attenuation of the PID circuit, the output attenuation of the PA30E, 
and the stiffness of the V4 stiffness plate were matched empirically (via iteration) to 
maximize the total dynamic range of the stabilization process. The output attenuation 
of the PID was minimized, and the gain of the PA30E was kept at its maximum. In the 
end, the power supply rails of the PID control circuitry limited the dynamic range of 
the active stabilization. Typically, over long periods of thermal drift, the integrator op 
amp providing the I component of the PID feedback signal would hit the PID circuit 
power supply rails (±15V, the maximum supply voltage of the PID op amps). 
Nevertheless, this corresponded to a dynamic range of the PID stabilization that was (I 
gain V/V) x optic gain(nm/V)= 500nm. This was adequate under most circumstances, 
and better than had been achieved by others. 

6.9 Transient response and slew rate of PID feedback 

By definition, the transient response of the PID circuit was determined by the PID 
tuning, assuming that there was no inherent speed limitation in the PID circuitry. In 
earlier versions of the PID circuit, the operational amplifiers were limited by their large 
signal slew rate. Subsequently, these slower chips were replaced with high slew rate 
equivalents (OP07), and the PID circuitry was only limited by the PID parameters used. 
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7 The microelectrode displacement probe

7.1 Microelectrode probe overview

  The  increase  in  resistance  of  a  glass  micropipette  electrode  as  it  contacts  a  cell 
surface  is  a  phenomenon  well-known  to  electro-physiologists.  The  resistance  probe 
technique  described  here  exploits  this  property:  glass  microelectrodes  block  (i.e. 
increase  their  resistance)  in  an  analog,  monotonic  way  when  contacting a  surface.  In 
this  study,  the  displacement  of  the  basilar  membrane in  vivo was  measured  by  the 
change in resistance of a glass microelectrode lowered through the round window to 
rest  in  contact  with  the  BM.  The  technique  required  common  (but  modified)
microelectrode equipment (see later this Chapter), and the commonly-used, minimally 
invasive round window (RW) approach to the basilar membrane (see Section 8.1).

  The  electrode  displacement  probe  was  DC-coupled,  with  a  bandwidth  of  up  to 
16kHz,  depending  on  the  electrode  resistance  (see Section 7.5).  Both  the  glass 
micropipettes and the subsequent instrumentation had to be optimized for low-noise, 
stable, low-drift, nanometre-sensitive measurements. The resolution of the technique
(the  lowest  resistance  change  visible  in  the raw trace)  was  well  below  10kOhm  (i.e. 
below 1000ppm), and the drift was less than 1um/hour (with the measurement system 
far  less  than  0.01%/hr, see Section 7.2.12).  After  much  attention  to  the 
instrumentation  and  the  electrodes,  the  noise  floor  and  drift  of  the  technique  
were  dominated by the noise and drift of the glass electrodes themselves. A protocol 
for  preparing  the  glass  microelectrodes  to  optimize  their  noise  floor  and  drift  was 
established,  after  initial  trials  revealed  that  ordinary  procedures  to  pull  the 
microelectrodes produced noisy electrodes with unacceptable drift (see Section 7.3).

  Figure 7.1 shows  the  block  diagram  of  the  electrode  resistance  measurement 
system.  A microelectrode  amplifier  (World  Precision  Instruments  or  WPI Model707)
was used as the current injection source and as the microelectrode amplifier. Some of 
the components of the block diagram are for temperature stabilization of the WPI and 
other  equipment  (see Section 7.2).  AM  or  baseband  current  injection  could  be 
performed:  the  AM  modulation/demodulation  components  are also shown  in Figure
7.1. The components of this block diagram are described below.

7.2 Optimizing resistance measurement instrumentation

7.2.1 AM or baseband current injection

  AM  or  baseband  current  injection  through  the  electrode  was  used.  When  it 
became  difficult  to  distinguish  between  the  electrode  voltage  signal  that  was due  to 
the baseband resistance modulation (multiplied by the DC injection current) and what 
was due to the CM in scala tympani (based on amplitude, as judged by CM amplitude 
before  electrode  contact  with  the  BM),  AM  injection  was  necessary,  because  the 
resistance  modulation  signal  was  frequency  shifted  to  be  around  the  injection 
frequency (upper and lower sidebands), while the CM signal remained at its baseband 
frequency (the acoustic stimulus frequency).

  For  AM  current  injection,  the  current  injection  input  of  the  WPI  was  driven  by  a 
sinusoid generated by either a laptop and an external sound card (Sabrent; USB 7.1 CH 
3D External Sound Pocket), or by a function generator (33120A; Hewlett-Packard). The
AM electrode resistance signal (the bridge output of the WPI) was demodulated with  
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Figure 7.1 The microelectrode resistance measurement system, including the headstage 

temperature regulation and the calibration process using a manually operated optoFET as a 

shunt of the 25kOhm calibration resistor. The bridge output of the WPI amplifier was fed to 

either a USB soundcard (AC measurements including software synchronous detection), a NIDAQ 

ADC board (slow baseband or DC measurements). When using the system in AM mode, the WPI 

output also went to either a hardware synchronous detector, a sound card with software 

synchronous detection, or an envelope detector. The HP function generator provided the AM 

reference signal to both the hardware and software synchronous detectors, and this sinusoidal 

signal was also the AC stimulus input to the WPI current injection. 
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custom-written software (LabView 7.0; National Instruments), or in earlier stages of 
development by a custom-built synchronous detector circuit (see Appendix). Later, 
simple envelope detection (software and hardware) was used, and could perform as 
well as synchronous detection in terms of its signal-to-noise ratio, as long as the signal 
feeding the envelope detector was pre-filtered to remove noise away from the AM 
carrier frequency (e.g. with a Stanford filter; SR650; Stanford). 

For baseband current injection, the WPI current injection input could be driven by 
a custom-made DC-coupled amplifier with manual DC-offset adjustment (see 
Appendix), or by a simple 9V battery connected directly to the WPI stimulus input 
(corresponding to 10nA/V). The use of AM injection limited the equivalent sampling 
rate of the resistance measurement to less than half the current injection frequency 
(due to the Nyquist sampling criterion). The initial reason for using the AM process was 
because we initially thought that DC current injection would produce problems with 
either electrode polarization, or be subject to slow drift of the measurement circuitry. 
Amazingly, none of these problems materialized, and baseband injection was finally 
adopted as routine, which simplified the measurement process significantly. Baseband 
resistance measurements did not require demodulation, and made for convenient 
interpretation of high-frequency sound-evoked movements (Section7.5). The use of 
baseband injection also raised the upper limit of the mechanical measurements 
possible to near the corner frequency of the microelectrode itself, rather than to half 
the AM carrier frequency (the Nyquist sampling criterion). Note, however, that 
baseband injection was only stable and reliable after the DC drift of the 
instrumentation and the microelectrodes had been eliminated over the continual 
development of the technique. 

7.2.2 Synchronous demodulation vs. envelope detection 

Initially, the AM resistance signal was demodulated with a custom-built analog 
synchronous detector circuit (a single channel lock-in amplifier; see Appendix ) which 
was a square-wave four-quadrant multiplier and low-pass filter. As such, it detected 
only the in-phase component of the AM signal at the carrier frequency (the 
fundamental and harmonics of the reference frequency). That is, the synchronous 
detector measured the Real component, Re(Z), of the electrode impedance, Z). Any 
phase-roll of the electrode's AM signal caused a reduction in the magnitude of the 
demodulated signal (for example, due to low-pass filtering by the RC time constant of 
the electrode itself). As a result the phase relationship between the AM signal and the 
reference was always checked. Although the relative phases of the reference and the 
AM signal could be adjusted electronically if required, this was not needed. 

As the resistance of a microelectrode blocked on contact with a target surface, its 
resistance increased, and if the resistance increase was sufficiently large, the stray 
capacitance of the microelectrode/active wire started to become a significant shunt of 
the AM signal at the WPI input. That is, as the electrode progressively blocked, the 
increase in resistance was accompanied by a phase roll of the AM signal, and because 
the synchronous detector only measured the signal component in-phase with the 
reference, the net output amplitude reached a peak and then fell as the electrode 
resistance increased further. Figure 7.2 shows this nonlinear (non-monotonic) 
relationship between the measured electrode resistance and the actual electrode 
resistance, with the blocking electrode modeled as simple a 1st-order Butterworth low 
pass filter. Note that the slope of the absolute magnitude |Z| decreases as the RC time  
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Figure 7.2. Testing the system's ability to measure resistance modulation using AC current injection 

at various frequencies relative to the corner frequency of the resistance/capacitance (RC) 

combination formed by the electrode and any stray capacitance (including the WPI amplifier's input 

capacitance). In this case the effective capacitance was 15-20pF (least squares fit to data). In most 

experiments our electrode resistance was near 5MOhm, giving a corner frequency in the test 

situation of  fRC=1.5kHz. In animal experiments, the corner frequency of our electrodes was near 

18kHz (see text), and our AC injection frequency was 9kHz or fLPF/2 (equivalent to an injection 

frequency of 750Hz in these test curves). Slow changes in electrode resistance were mimicked here 

with a voltage-controlled optoFET test resistor (see text) connected to the WPI headstage. The 

resistance change only (horizontal axis) was estimated with an AC current injection at 150Hz (where 

capacitance was insignificant), and the total impedance change including the capacitor was measured 

below and above fLPF at (A) 250Hz, (B) 500Hz, (C) 1kHz and (D) 1.5kHz. As resistance increased under 

DC voltage control, the magnitude of the total impedance increased monotonically, but saturated at 

the impedance of the stray capacitance. The resultant Ohmic AC voltage across the 'electrode' was 

measured using either envelope detection (measuring magnitude of total impedance) or 

synchronous detection (resistive component only). As 'electrode' resistance increased, the voltage 

measured by the synchronous detector rose then fell at higher resistances because of the phase roll 

produced by the changing low-pass filtering of the RC combination. In practice, the resistance 

changes produced when a microelectrode contacted a target were small and only a few % above a 

resistance in free fluid of 5MOhm. As a result, although the capacitance shunt reduced the 

impedance modulation by a factor of about 2, the nonlinearity was of little concern, and envelope 

detection was an adequate estimator of the resistance changes. 
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constant  increases, equivalent  to  a  decrease  in  the  sensitivity  of  the  technique  with 
large increases in electrode resistance. As a result, there was also a trade-off between 
the  AM current injection  frequency  (the  reference frequency) and the dynamic  range 
of  electrode  block when  using  in-phase  synchronous  detection,  with  higher  AM 
frequencies  encountering  the  RC  corner  frequency  at  lower  resistances.  Note, 
however,  that  this  ‘roll-over’  at  high  resistances  is  not  usually  an  issue  for  standard 
microelectrode  measurements,  where  electrode  impedance  is  expected  to  remain 
relatively  constant,  and  if  the  resistance  is  detected  with  simple  envelope  detection 
rather  than  in-phase  synchronous  detection,  then  while  there  is  still  a  nonlinear 
relationship  between  measured  resistance  and  actual  resistance,  the  measured 
resistance  only  plateaus  at  high  resistances  as  the  stray  capacitance  shunt  becomes 
significant, but there is no non-monotonic drop in amplitude, because the phase of the 
AM signal is irrelevant to a simple envelope detector.

  This  issue  of  a  changing  RC  time  constant  of  the  electrode  also  arises  if  the 
electrodes  stray  capacitance  itself  changes,  for  example  as  the  electrode  moves 
toward  and  away  from  a  target  and  the  perilymph  meniscus  moves  up  and  down 
around  the  electrode  shank.  This  phenomenon  was  observed  in  our  measurements, 
and  also  appeared  as  hysteresis  of  the  resistance-displacement  transfer  function, 
because  the  electrode's  external  surface  was  initially  dry,  but  on  retraction  the  fluid 
adhered  to  the  electrode  outer surface  so  that  the  stray  capacitance  was  marginally 
larger on the way out, compared to the way in. Having said that, the influence of fluid 
meniscus on resistance measurement in vivo was insignificant, as discussed in Section
7.4.3.

To  test  the  system, we  made  a  voltage-controlled  high-impedance circuit
(Section 7.2.2, Appendix), consisting of 6 optocoupled field effect transistors in series. 
Having six FETs in series increased the resistance range available, and also reduced the 
impact  of  each  FETs  stray  capacitance. Figure 7.2 shows  the  relationship  between 
measured resistance (at a high AM carrier frequency) versus actual resistance (at a low 
carrier  frequency,  far  below  the  'electrodes'  RC  corner  frequency).  The  relationship 
clearly demonstrates that the WPI and synchronous detector output increased linearly 
over a large resistance range (over 20 MΩ), which contrasts with the results from real
electrodes  blocking  on  surfaces,  illustrating  that  the  blocking  process  was  itself

stnonlinear. Modeling the FET test resistance as a 1 -order Butterworth low pass filter, 
the least-squares fit shows the Cstray of the test resistor circuit was approximately 16 to 
20 pF.  For  all  practical  purposes,  the  electrode's  stray  capacitance  and  the  nonlinear 
relationship  between  measured  resistance  and  actual  blocked  resistance  can  be 
ignored,  even  when  using  the  AM  mode,  because  the  electrode  resistance  increased 
by less than 2% under most circumstances. When using the baseband injection, all of 
these considerations become irrelevant, except at the very high-frequency limit of the 
technique,  where  the  mechanical  input  frequency  itself  approaches  the  RC  corner 
frequency of the microelectrode (near 16kHz, as discussed in Section 7.5).

  During  the  improvements  to  the  drift  and noise  floor  of  the  instrumentation, 
custom-written  software  (LabView  7.0;  National  Instruments)  was  used  to  provide 
synchronous detection, with an external USB sound card as the ADC (Sabrent; USB 7.1 
CH 3D External Sound Pocket). Various algorithms in the custom-written synchronous 
detection  software  were  used  to  reduce  the  drift  and  variability  of  the  detection
process  (see  Section 7.2.8).  While  the  output  of  the  synchronous  detection  could  be
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highly smoothed (i.e. many seconds time constant) to reduce measurement noise, 
such smoothing was not useful for synchronous detection of high-frequency resistance 
changes due to high-frequency target movements (e.g. sound evoked movements). 

7.2.3 Mechanical and thermal electrode drift 

Thermal drift of the electrode holder relative to the optic probe would have 
caused relative drift of the electrode tip relative to the BM target, despite PID 
stabilization of the optic signal. Any thermal drift between the electrode and optic 
probes was minimized by mounting both on the same Narashige micromanipulator 
stage, with the electrode holder clamped at the same vertical level as the optic probe, 
to minimize the relative thermal expansion of one versus the other. This required a 
way to adjust the static position of the optic probe relative to the electrode, to allow 
‘landing’ of both probes onto the bulla and BM, respectively, with both in their 
respective sensitive ranges. This was finally achieved by designing a stable, drift-free 
position adjustment system for the optic probe (see Figure2.1). This used a separate 
micrometer drive to move the optic probe's casing up and down via a step-down lever 
arrangement made of brass flatbar. The electrode holder consisted of a fixed sturdy 
brass bar, bolted to the Narashige micromanipulator front-plate (Figure 2.1). The 
electrode holder and almost all components were made of brass, chosen because of its 
low coefficient of thermal expansion, and its ease of machining and fabrication 
(including braze welding and soldering). 

The overall mechanical stability of the electrode was achieved by i) a sturdy 
electrode holder clip and slot; ii) connecting the electrode wire to the WPI headstage 
(suspended above the table top from suspension spring) with a thin, slack, spiral 
Teflon-coated Ag wire; and iii) by using as short a glass microelectrode as possible. This 
reduced the total expansion due to thermal expansion of the glass, and also improved 
mechanical stability by reducing the length of the lever arm (the electrode shank) that 
the electrode wire could pull against. 

7.2.4 20MΩ test resistor & 2kΩ or 20kΩ ‘scale bars’ 

The long-term stability and noise floor of the resistance measurement system was 
determined during development by replacing a glass microelectrode with a 
temperature-regulated fixed metal film resistor (see Figure 7.1). We did not rely on the 
WPI’s own internal 20MΩ test resistor, because this was subject to thermal resistance 
changes, and was not exactly 20MΩ (the tolerance of resistance values can be 
improved by using several resistors in parallel, thereby averaging across the resistance 
error of each resistor). In series with the 20MΩ test resistor (or ultimately the 
microelectrode), a 2kΩ or 20kΩ resistor was placed in series and could be shorted out 
remotely using a low-capacitance optically-coupled FET (‘optoFET’; see Figure 7.1, and 
Appendix for circuit diagrams). Therefore, at the push of a button we could produce a 
resistance ‘scale bar’ of 2kΩ or 20kΩ (a 1 in 10,000 or 1 in 1000 step, assuming a total 
resistance of 20MΩ). This absolute resistance scale bar was essential, because the total 
gain of the WPI output varied according to the bridge balance setting (when using the 
bridge balance output to improve the signal-to-noise ratio). 

The optoFET switch was used to switch the calibration resistance instead of a 
mechanical toggle switch because:(a) it did not contribute significantly to the overall 
stray capacitance (the H11FM photo FET optocoupler had a Cstray of 15 pF), (b) it 
prevented large electrical transients or ‘glitches’ associated with mechanical switches, 
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and (c) it avoided hand/body movements near the headstage that would otherwise 
have changed Cstray. All resistors were potted in silicone alongside the temperature-
controlled headstage to reduce thermal resistance changes. 

7.2.5 WPI head stage drift 

We found that the WPI head stage was highly susceptible to drift when exposed to 
temperature changes (e.g. air movement in the room). The thermal coefficient of the 
resistance signal versus temperature was +340.4 ppm/˚C (Figure 7.3A). Clearly, the 
headstage temperature needed to be regulated, either by heating it above room 
temperature (i.e. resistive heating element around the headstage) or by using a Peltier 
device to regulate the temperature around the ambient temperature. Heating the 
headstage above ambient would have made it susceptible to air drafts (like a hotwire 
anemometer), therefore we used a Peltier device to regulate around room 
temperature. The feedback regulation consisted of a temperature sensor mounted on 
the headstage, controlling the output of a power amplifier to drive the Peltier device 
(see Appendix for circuit diagram). One side of the Peltier device was mounted on an 
aluminium heatsink, and the headstage was fixed to the other side of the Peltier device 
with adhesive heatsink stickers (see Figure 7.1 and Appendix). The remaining gap 
between the headstage and Peltier device was filled with heatsink grease, and ‘potted’ 
in silicone (Pinkysil; Barnes, Sydney) to insulate it from drafts. The on-board test 
resistors were also potted in this silicone to minimize thermal resistance changes. 

The initial design of the temperature feedback circuit used trim resistors to set the 
temperature regulation set-point, however these resistors were themselves 
temperature sensitive, which caused inappropriate temperature changes of the 
headstage. As a result, the set-point resistors were replaced with a LM336 reference 
diode with an approximately 10-fold smaller temperature coefficient. In addition, we 
also mounted the temperature sensor and feedback circuitry inside the temperature-
stabilized WPI box. 

As shown in Figure 7.3B, changes in measured resistance could also be caused by 
the heating (first part to left) and cooling (last part to right) of the WPI headstage 
when the current supplied to the optoFET's LED was first turned on, and then off 50 
min later. When the optoFET's LED was supplied with current and the calibration 
resistor was shorted, it also heated, causing a slow drop in measured resistance 
followed by a slow rise (presumably due to complex heating of various headstage 
components). The LED and therefore shunt were briefly turned off (down arrows) to 
provide a calibration. When the LED was turned off completely, the measured 
resistance slowly rose. A single calibration occurred (up arrow) when the LED was 
turned on briefly. To avoid such temperature transients, current was supplied to the 
optoFET only briefly throughout this study. 

Figure 7.4 shows examples of the transient response of the headstage 
temperature regulation system to step changes in target temperature (produced by 
step adjustment of the circuit's set-point trimpot). With a stepwise rise in the 
temperature target in an early version of the regulation system (Figure 7.4A), the 
heating of the headstage produced a drop in measured resistance which slowly 
oscillated with a period of about 3 minutes before reaching its steady state. As shown 
in Figure 7.4B, an approximate reversal of the set-point change of (A), the headstage 
temperature fell, producing a rise in measured resistance, which again slowly oscillated  
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Figure 7.3 (A) Changes in resistance of a 25MOhm calibration resistance at the turn-on of the WPI 

microelectrode amplifier without temperature stabilization (two lower traces), and with 

temperature stabilization (top trace). At turn-on without stabilization there was an approximately 

exponential drop in measured resistance due to temperature transients in the measurement 

circuitry. A calibration resistance change occurred at the arrows when the series resistance was 

briefly shorted by an optoFET (representing a 0.1% resistance change). Clearly resistance stability 

was markedly improved by the thermoregulation.  (B) Changes in measured resistance caused by 

the heating (first part to left) and cooling (last part to right) of the WPI headstage when the current 

supplied to the optoFET's LED was first turned on, and then off 50 min later. When the optoFET's 

LED was supplied with current and the calibration resistor was shorted, it also heated, causing a 

slow drop in measured resistance followed by a slow rise (presumably due to complex heating of 

various headstage components). The LED and therefore shunt were briefly turned off (down 

arrows) to provide a calibration. When the LED was turned off completely, the measured 

resistance slowly rose. A single calibration occurred (up arrow) when the LED was turned on 

briefly. To avoid such temperature transients, current was supplied to the optoFET only briefly 

throughout this study 
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Figure 7.4 Examples of the transient response of the headstage temperature regulation system to 

step changes in target temperature (produced by step adjustment of the circuit's set-point 

trimpot). (A) With a stepwise rise in the temperature target in an early version of the regulation 

system, the heating of the headstage produced a drop in measured resistance which slowly 

oscillated with a period of about 3 minutes before reaching its steady state. (B) On approximate 

reversal of the set-point change of (A), the headstage temperature fell, producing a rise in 

measured resistance, which again slowly oscillated before reaching its steady state. (C) In a later 

version of the regulation system, the loop gain of the feedback was reduced to reduce the 

oscillations in headstage temperature and measured resistance, so that only a single small 

overshoot in temperature was observed. (D) Similarly, only  a single overshoot was observed in the 

response when the set-point change in (C) was reversed. This very slight oscillation in the final 

temperature regulation process is unlikely to have produced any significant effect on the resistance 

changes in animals, because the experimental room's temperature was never subject to such an 

abrupt step-change in temperature. 
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before reaching its steady state. In a later version of the regulation system, the loop 
gain of the feedback was reduced to reduce the oscillations in headstage temperature 
and measured resistance, so that only a single small overshoot in temperature was 
observed (Figure 7.4C). Similarly, only a single overshoot was observed in the response 
when the set-point change in (C) was reversed (Figure 7.4D). This very slight oscillation 
in the final temperature regulation process is unlikely to have produced any significant 
effect on the resistance changes in animals, because the experimental room's 
temperature was never subject to such an abrupt step-change in temperature. 

7.2.6 WPI main amplifier drift 

With the headstage temperature stabilized, the drift of the main WPI circuitry 
became apparent. Specifically, the WPI output had an exponential drift after turn-on 
with a time constant of about an hour (data not shown). This drift was presumably 
thermal drift of the electronics as a result of heating of components after the power 
supply was turned on. Therefore, temperature regulation of the WPI box and sound 
card was required. First, we tried to actively regulate the temperature inside the WPI 
box with three Peltier devices mounted inside the box. This did not work well because 
of the heat loss through the metal box walls, and the large air mass to be 
heated/cooled within the box, compared to the maximum power-output of the Peltier 
devices and their power amp driver. Finally we insulated the box with a 3cm layer of 
Styrofoam, and increased the thermal inertia of the box interior by mounting two 
1.5kg steel blocks (sledge hammers) inside the box (3kg x 0.49kJ/˚C /kg= 1.5kJ/˚C), 
initially with a 6V computer fan running continuously to ensure even temperature 
distribution throughout. The fan was later removed, when it became apparent that it 
produced electrical interference that radiated onto the circuitry inside the WPI box. 
With this successful strategy, the power to the WPI was left on continuously (24 hours 
a day) to stabilize the temperature inside the WPI amplifier. 

7.2.7 Soundcard output drift 

Like the WPI circuitry, the output and input of the sound card suffered from ~1% 
drift for approximately 5 hours after turn on, presumably due to temperature changes 
of the circuitry. This drift is unlikely to have been of any concern to the engineers 
designing the sound card, or to its users, because the smallest amplitude increment 
detectable by the ear is less than 0.5dB or 6% (a normal non-recruiting ear can only 
detect a change of closer to 2dB or 24%). As with the WPI, the solution to this 
soundcard temperature drift was to leave the soundcard on continuously, and mount 
it inside the already temperature-stabilized WPI box. Unfortunately, we later 
discovered that mounting the sound card inside the WPI box radiated USB switching 
electrical noise at 1kHz onto the WPI circuitry, increasing the WPI noise floor. This 
could not be solved with earthed shielding inside the WPI box, so the sound card (used 
for output and input) was removed from the WPI box, and the software for 
synchronous detection corrected for any changes in the AM reference signal. In vivo, 
thermal drift of this magnitude was not significant compared to the noise floor 
problems created by the USB ‘splatter’, so operating the sound card out of the 
temperature regulated environment was the best strategy, as long as correction for 
AM reference amplitude was done. 
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7.2.8 Oscillator amplitude drift 

The amplitude stability of the function generator (Hewlett-Packard; model 
33120A) was not listed in the manufacturer specifications, but empirically the unit had 
a surprisingly large amplitude drift of ~1%. Because we were using a synchronous 
detection software algorithm where the reference signal was multiplied by the 
incoming AM signal, a drift of x% would result in a drift of x% squared in the 
synchronous detector output. By correcting the synchronously detected signal in 
software using the raw function generator output (the incoming reference signal), the 
impact of the amplitude drift was reduced about 500-fold (see Figure 7.5). 

7.2.9 Synchronous amplitude detection drift 

Some software modifications were needed to eliminate noise due to the 
synchronous detection algorithm itself. The software would read the sound card input 
in contiguous time epochs or ‘windows’. First, small changes in the DC offset of the 
WPI output could appear in the output of the synchronous detector. Therefore in 
every data window, the DC offset of the incoming electrode signal was calculated and 
subtracted from the incoming data. This DC offset minimization algorithm only solved 
the DC offset problem if the DC offset changes were slower than our DC smoothing 
subtraction window. Second, because the function generator frequency and the 
sampling rate of the sound card were not perfectly synchronized (although we did 
select reference frequencies to be sub-multiples of the sound card sampling frequency 
of 44.1kHz), the AM carrier phase would roll through the software window, and 
incomplete cycles of the stimulus waveform that resulted at the beginning and end of 
the window contributed to changes in the average amplitude of the incoming signal, 
and were therefore a source of (rhythmic) noise. Detecting the zero crossings of the 
incoming reference waveform in software, and windowing the reference and data 
waveforms to a complete number of cycles of the reference solved this problem to a 
large degree, but there was still a small residual noise from this process, because 
windowing using a zero-crossing algorithm left a small amount of time quantization 
noise: the final windowed waveform could have 4 possible lengths, with the windowed 
start and end point varying by ±1 sample point. This small problem was solved by 
changing the stimulus frequency to a frequency very different from 44.1kHz 
submultiples, so that the beat frequency between the reference frequency and the 
software's window sample rate was much faster than the smoothing used in the 
software. As a result of these software modifications, the software synchronous 
detector worked well, detecting changes in the electrode of near 100ppm (0.5kOhm in 
5MOhm), and even this could be improved by greater smoothing of the detection 
process. 

7.2.10 Noise in the WPI amplifier 

In the end, the WPI noise floor was dominated by mains interference (50Hz) 
originating from the WPI circuitry itself. This was improved by removing the WPI's 
internal power supply (which could radiate mains interference within the WPI box), 
and using a floating ±12V regulated battery supply, with shielded leads, decoupled 
with large electrolytic capacitors. This battery supply also avoided earth loop noise 
that occurred when we tried to use a mains-operated variable power supply to replace 
the WPI power supply. When we tried to increase the battery power supply  
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Figure 7.5 Software algorithms were used to compensate for the unavoidable changes in 

the amplitude of the AM reference/stimulus sinusoid produced by the HP function 

generator (near 1%). Here the amplitude of the reference input of the USB soundcard was 

intentionally increased and decreased using the function generator's amplitude control. To 

the far left, two 0.01% calibration resistance changes were produced using the inbuilt 

optoFET of the WPI headstage. To the right multiple changes in the amplitude of the 

reference signal were produced (-1%, +1%, +2% and -2%, respectively; dashed grey curve 

and leftmost vertical axis). As can be seen by the corresponding black curve, the registered 

changes in resistance were about 500-fold lower (-0.0017%, +0.002%, +0.004%, and -

0.005%, respectively), so slight changes in reference signal amplitude were rendered 

insignificant by the compensation algorithms. 
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above the WPI manufacturer’s original 10V design to 15V to improve the SNR, the WPI 
oscillated for supply rails above 12V (presumably because the old LM709 chips in the
WPI were inherently unstable with the higher power supply).

7.2.11 Soundcard noise floor

  The  major  limitations  on  the  external  sound  card  noise  floor  were  a)  amplitude 
quantization  due  to  the  16  bit  resolution;  and  b)  USB  power  supply noise.  Amplitude 
quantization  was  improved  by  using  the  WPI  bridge  balance  output  with  partial 
cancellation  of  the  AM  carrier,  instead  of  the  x1  output,  which  allowed  for  higher 
amplification of the bridge output before clipping. Unfortunately, the sound card USB 
noise  floor  could  not  be  improved  without  changing  to  another  sound  card  with  an 
external  DC  power  supply.  This  USB  noise  source  was  evident  when  testing  the 
instrumentation  with  a  low-noise  calibrated  test  resistor,  but  when  a  glass 
microelectrode  was  used,  the  resistance  probe  noise  floor  was  dominated  by  the
electrode noise (even in vitro), so it was not necessary to change sound cards.

7.2.12 Final ultra-stable resistance measurements

  Figure 7.6 demonstrates the stability of the final instrumentation over many hours. 
The  noise  floor  of  the  detection  process  is  less  than 0.001% and  the  drift less  than 
0.002%/hour. Because  the  test  resistance  was  a  temperature  stabilized 
25 MOhm within  the  WPI  headstage,  this  drift  did  not  include  drift  caused  by  the 
electrochemistry of the wire/saline junction within the microelectrode shank, nor does 
it  include  drift  and  noise  from  the  microelectrode  tip  or  its  target  contact. 
Nevertheless  the  results  show  clearly  the  stability  and  noise  floor  achieved  in  the 
measurement  chain.  To  understand  the  contribution  of  the  wire/saline  interface  to 
drift  and  noise,  long-term  measurements  were  made  with  the  25MOhm  test  resistor 
replaced  with  un-pulled  saline-filled glass  capillary  tubes  into  an  earthed  saline  bath 
with  various  wire  electrodes  within  them  feeding  the  input  of  the  WPI  headstage. 
These  results (Figure 7.7) demonstrate  that  the  instrumentation  noise  floor and  drift 
were similar to the results on the 25MOhm test resistor, and so were not dominated 
by  electrochemical  processes  on  the  surface  of  the  electrode  wire.  The  results also 
demonstrate  that  the  increased  noise  floor  and  drift  when  using pulled glass 
microelectrodes were dominated by processes at the microelectrode tip (see Chapter
10 discussion of electrode contact issues).

7.3 Optimizing the microelectrodes themselves

  After optimizing the drift and noise floor of the detection instrumentation, it was 
clear that any resistance drift and noise was dominated by processes at the electrode 
tip itself. The fact that sudden blockage of the electrode often could not be cleared by
‘buzzing’  the  electrode  (i.e.  increasing  the  negative  capacity  compensation  until  the 
current injection circuitry oscillated) suggested that such blockages were probably not 
due to biological particles. Figure 7.8 shows the sequential improvements in electrode 
drift  as  the  sources  of  electrode  drift  were  identified  and  solved.  One  of  the  main 
sources  of  drift  was  probably  dust,  dirt  and  impurities  falling  into  the  electrode's 
throat,  and  ultimately  sinking  through  the  electrode  filling  solution  until  they  partly 
occluded  the  electrode  tip  (and  changed  electrode  resistance).  A  procedure  for 
preparing  and  pulling  the  electrodes  to  minimize  drift  was  developed,  as  described
below.  
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Figure 7.6 After  temperature  regulation  was  installed,  the  long  term  drift  in  resistance 
measurement  was  dramatically  reduced.  Here  long  term  monitoring  of  a  temperature- 
stabilized  25MOhm  calibration  resistor  demonstrates  minimal  drift  over  many  hours  (A,B), 
and even over 30 hours total (C). The downward calibration events (down arrows) represent 
the shunting of a 2.5kOhm calibration resistor by the inbuilt optoFET, equivalent to a 0.01% 
or  100ppm  drop  in  resistance.  The  0.01%  resistance  change  was  equivalent  to  a  measured 

displacement of about 50nm (5%/m m depending on operating point), so drift over many 

hours was less than that.

7-14



  

AgCl wire

0.1% ΔR

1 min

1mm O.D. Pt wire
0.1% ΔR

1 min

0.25mm O.D. Pt wire
0.1% ΔR

1 min

Figure 7.7 After improvements to the main WPI microelectrode amplifier and its headstage, 

the resistance measurements were very quiet and stable. Three examples of stable traces 

from three low resistance capillary tubes (not yet pulled to microelectrodes) are shown, with 

either an AgCl wire electrode (upper trace) or platinum wire electrodes (lower two traces). 

These recordings demonstrate the stability and low noise floor of the recording gear, test 

environment and wire-fluid electrochemistry. 
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Figure 7.8 Measurements  of  microelectrode  resistance  were  initially  hampered  by 
microelectrode noise and electrical drift. After stabilisation of the amplification chain, the drift 
and noise were then limited by the microelectrodes themselves. Initially, measurements with 
AgCl wire were particularly noisy (not shown),  and  even  in  the best AgCl recordings (A),  drift 
and  spontaneous  noise  of  many  %  could  be  seen.  (B)  Platinum  wire  electrodes  were  not 
noticeably  quieter  nor  more  stable,  and  like AgCl could  exhibit  drift  and  spontaneous 
resistance changes of many %. (C) This drift and noise could be partly reduced by using fresh 
capillary glass, and flame polishing the end of the electrode shank. It is likely that both of these 
measures  reduced  particulate  contamination  of  the  saline  filling  solution,  which  prevented 
scraping metal fragments from the wire electrode as it was inserted into the micropipette. Old 
capillary  tubes  sometimes  contained  microfragments  of  glass which  could be  avoided  by 
ultrafiltration  of  the  saline  filling  solution  (see  text),  and  using  a  complete  capillary  tubes 
without  prior  breakage  to  length before  pulling microelectrodes. Tubes  could  be  broken  to 
length before pulling if they were cleaned internally just before the pulling process. (D) Using

all of these measures, the resistance traces were most often table, without much noise or drift. 
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7.3.1 Electrodes, puller settings and electrode geometry

  There were several constraints on the characteristics of the electrodes to be used. 
The final electrodes used, was arrived at after going through the optimization of drift 
and noise of the electrodes (interactively). We favoured a patch pipette tip in order to  
minimize  damage  to  the  organ  of  Corti,  and  to  simplify the  geometry  of  the  blocking 
process  on  the  target  surface.  However,  the  larger  the  tip  diameter,  presumably  the 
less  sensitive  the  blocking  process  would  be:  this  was  also  borne  out  empirically.  For 
this  reason,  we  settled  on  an  electrode  resistance  of no  less  than  5MOhm,  achieved 
using  patch  pipette  electrode  puller  settings. Figure 7.9 shows  the  electrode  tip 
geometry  of  a  5MOhm  electrode,  with 0.69mm inner  diameter, 1.2mm outer 
diameter,  no  filament  borosilicate  tubing.  The  tip  diameter  is  <2um.  The  electrode 
puller (Sutter, Flaming/Brown, P87) settings were: heat, 392;pull, -/-/20; vel, 40/40/30- 
60; delay, 200/type, 1 to 5 MOhm or 15 to 20 MOhm; pressure, 400. A multi-line pull 
was used to elongate the tip, sufficiently long to reach the BM from the bulla opening. 
The  pull  strength  in  the last  line  of  the  program  determined  the  electrode  resistance
(i.e.  the  tip  diameter).  Using  this  program  as  a  template,  and  by  varying  the  pull 
strength of the last line, electrodes with resistances between 1 and at least 20MOhm
could be reliably achieved.

7.3.2 Flame polishing open electrode ends

  Fragments  of  electrode  wire  could  sometimes  be  seen  with  the  naked  eye  in  the 
shank of the electrode. This was particularly true of the fragile AgCl layer of chlorided 
Ag  wire,  but also  applied  to  other  electrode  wire  materials  (e.g.  platinum).  Flame 
polishing  the  open  ends  of  the  electrodes  before  pulling  smoothed  the  rim  of  the 
electrode shank, so that the wire surface was not scraped when inserting the wire into
the electrode's shank.

7.3.3 No-filament capillary glass

  It  was  thought  that  the  filament  inside  the  microtip  may  have  been  involved  in 
electrode noise or drift, perhaps creating debris within the electrode, as was observed 
with shavings of the electrode wire. To our knowledge, there is no information in the 
literature  regarding  the  influence  on  electrode  resistance  of  the  filament  inside  the 
microtip  once  the  electrode  is  pulled.  However,  it  is  clear  from  examining  capillary 
tubing  under  the  microscope  that  it  is  possible  for  the  filament  to  separate  from  the 
inside  surface  of  the  capillary  tube.  Filament-free  electrodes  appeared to  suffer from 
less  drift  and  sudden  resistance  changes,  and  we  had  few  problems  in  completely 
filling filament-free electrodes, provided that the capillary glass had been cleaned that
day.

7.3.4 Avoiding and removing impurities in the filling solution

  Physiological  saline  was  purchased  in  individual  sealed  vials,  which  was  then 
filtered  with  a  syringe  filter  tip,  pore  size  200nm,  before  decanting  into  an  electrode 
filling syringe (custom-made by heating and pulling the end of a standard plastic 1mL 
syringe).  It  is  worth  noting  that  commercially  available  fine  flexible  syringe  tips  are 
sometimes  used  for  filling  electrodes,  but  are  themselves  coated  in  a  varnish coating
that can flake off and contaminate the filling solution.  

7-17



  

Figure 7.9 Profile of a 5MOhm electrode, as described in the text. 
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7.3.5 Cleaning glass fragments from capillary tubes

  Tiny fragments of glass were easily seen with a dissection microscope at the open 
end of an un-pulled electrode, and were caused by breaking of the tubes to a desired 
length before pulling, and by general damage to the capillary glass ends while in their 
storage  containers  (fine  glass  particles  could  also  be  seen  inside  the  capillary  glass 
storage containers, after years of storage and handling). To avoid these particles falling 
into  the  electrode  tip  causing  drift  and  sudden  blockage,  the  capillary  glass  was 
cleaned before pulling the electrodes. The following cleaning protocol (Rae and Levis, 
2004) successfully removed these particles and improved electrode stability and noise, 
although a more minimal protocol may have been sufficient. After breaking the tubes 
to the desired length and flame polishing the ends (see above), the tubing was placed 
upright in a measuring cylinder, immersed in ethanol and sonicated for 5 minutes. The 
ethanol  was then poured  off  and  the electrodes  were  re-sonicated  in  doubly distilled 
water.  During  sonication,  bubbles  could  be  seen  rising  through  the  lumen  of  the 
capillary glass. The tubes were then removed with clean forceps and placed in a clean
dust-free dish and dried in an oven at 60 to 100oC for approximately 15 minutes. They 
were  then  left  to  cool  before  pulling.  This  cleaning  process  also  appeared  to  aid  in
complete filling of the electrodes, which were filament-free (see above).

7.3.6 Soaking electrodes- Glass hydration and drift?

  Another  possible  source  of  resistance  drift  was  hydration  and/or  temperature 
changes  at  the  electrode  tip.  There  was  some  indication  from  electrode  drift 
measurements  that  ‘incubating’  the electrodes  in  room-temperature  filtered  saline 
after pulling and filling may have reduced drift. The mechanism of electrode resistance 
changes  with  glass  hydration  involves  the  penetration  of  water  molecules  into  the 
glass/between  the  glass  structural  units  causing  a  reduction  in  resistance  of  several 
orders of magnitude (Gagne and Plamondon 1980). In the present study, the electrode 
wall  thickness  at  the  tip  is  of  the  same  order  or  thinner  than  one  structural  unit

element of glass (1.5 to 2m; Plamondon and Gagne, 1980), and therefore the glass at 
the tip is likely to be significantly conducting. ‘Gouy layer’ or ‘double layer’ conduction 
is  also  greater  in  regions  of  hydrated  glass (Gagne  and  Plamondon,  1987). Therefore, 
as  the  glass  becomes  increasingly  hydrated,  electrode  resistance  drops.  This  is 
probably one  of the  sources of electrode  resistance drift  measured  empirically in this 
study,  although  bulk  fluid  conduction  through  the  open  tip  is  probably  the  main 
conduction  mechanism  in  our  electrodes  (see Chapter  10  discussion).  Since  glass 
hydration  increases  with the square root  of  time  (Gagne  and Plamondon, 1987;  Rana 
and Douglas, 1987), the biggest change in resistance with hydration should occur when 
freshly filled and plunged into fluid. Presumably, there is an optimum incubation time 
after  which  time  most  hydration  has  completed,  but  before  the  electrode  has  gone
‘stale’.  Electrode  resistance  drift  with  hydration  was  studied  by  Plamondon  (1976), 
who  showed  an  approximately  linear  decrease  in  resistance  of  a  20Mohm  electrode 
over  80  hours,  or  1% ∆R  in  8  hours. The  fact that  no  noticeable  changes in  electrode 
resistance were recorded in the first four hours of that experiment would indicate that
they had a noise floor of 0.5% ∆R, compared to our drift noise floor of 0.01%.

7.3.7 High current density increased drift and noise

  High  injection  currents  of  more  than  approximately  60 nA pp  appeared  to  make 
electrode  drift  disproportionately  worse,  even  when  taking  into  consideration 
the
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improved SNR (Figure 7.10). For this reason electrode injection currents were limited 
to about half of that value (32nA) to avoid excessive drift and noise, and this was 
sufficient to provide a sufficiently good signal-to-noise ratio. ‘Buzzing’ or 
overcompensation of the electrode (i.e. increasing negative capacity compensation 
until it oscillates) often initiated drift of a previously stable, low-drift electrode, and so 
was avoided. Buzzing the electrode, which produces relatively high current densities 
within the microelectrode tip, may have mobilized micro-impurities around and within 
the microelectrode tip, that then cause resistance drift as they re-settled. Because high 
injected current density rather than high current per se may have increased the 
electrode noise and drift, the electrode tip diameter by using lower resistance 
electrodes (e.g. 5MOhm instead of the original 20MOhm). Using the lower electrode 
resistance values also increased the RC corner frequency of the microelectrodes, 
increasing the upper frequency limit of the displacement probe when used in 
baseband mode (see Section 7.5).The electrode noise floor was also reduced by using 
lower resistance electrodes (e.g. 5 MOhm rather than 20MOhm) because the Johnson 
resistance noise was lower. 

7.4 Microelectrode transfer functions 

7.4.1 The resistance versus displacement transfer function 

The electrode probe's sensitivity (% resistance change per micron) and dynamic 
range (displacement range from first detectable target contact to complete electrode 
blockade) could be limited in a number of ways. First, all sources of interference and 
electrode and equipment noise had to be reduced so that the noise floor of the 
measurements was minimized. Next, as the electrode moved away from a target, it 
lost contact with the target, and the electrode resistance remained at the lowest 
reference resistance (with the electrode tip in free fluid). As the electrode moved 
towards the target, first contact with the target surface was made, as indicated by the 
first small increase in resistance, and thereafter as the electrode tip was advanced 
towards the target (or vice versa), the resistance increased until a maximum resistance 
was obtained (assumed to be complete blockade of the electrode tip). The sensitivity 
and dynamic range of the electrode blockade depended on micropipette diameter, 
and on the characteristics of the blocking surface (e.g. synthetic plastic surface versus 
biological tissue, like BM or chicken muscle fascia). Overall, the dynamic range of 
electrode blockade was wider on biological tissue (in vivo) when compared to synthetic 
test surfaces in vitro, but even then it was significantly less than the dynamic range of 
the optic probe. As a result, any slow mechanical drift of the electrode tip relative to 
the target could drive the electrode blockade out of its sensitive range into either loss 
of contact or complete blockade. As a result, active stabilization of the animal’s skull 
was required to keep the electrode probe in its sensitive range, and to avoid unwanted 
skull movements that could drive the electrode tip through the BM, damaging the 
organ of Corti. 

7.4.2 Large-signal transfer functions 

The relationship between resistance versus target-to-electrode distance was non-
linear, with resistance increasing almost exponentially over the first micron or so after 
first contact (Figure 7.12A), and then growing approximately linearly for a few micron 
(Figure 7.12B), beyond which the electrode over-blocked, and the transfer function 
would saturate or block irreversibly, presumably depending on the mechanism of  
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16nApp injection 32 nApp inject 64 nApp inject 128 nApp inject

1 min

5% ΔR

Figure 7.10 After improvements to the microelectrodes and the WPI amplification system, 

resistance traces were very stable and quiet, especially for injected currents below 64nA. Above 

64nA the electrodes could become noisy and unstable (see resistance trace for 128nA injected 

current at the far right). For all of this study, injected currents were kept below 32nA to ensure 

stable recordings. 
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blockade in any particular situation. We always tried to use the electrodes in their low-
displacement (exponential) range, to avoid over-blocking the electrode, which could 
also potentially break the electrode and/or damage the target surface (Figure 7.12C). 
Because of this nonlinearity in the transfer function, the small-signal gain of the 
electrode process was always calibrated in situ by moving the target surface (or the 
animal’s head in vivo) with a sinusoidal ‘calibration movement’ of known amplitude 
(and under electronic control). Examples of the co-modulation of the probe 
displacement with the pilot displacement are presented later, showing that they were 
approximately proportional. 

Early in the development process, the electrode transfer function was tested with 
large signals that drove the electrode blockade process over its full range. In these 
cases the test target surface was fixed to a speaker cone (driven by a function 
generator), which moved the target towards and away from the electrode tip. Figure 
7.11 shows the setup for investigating the large-signal transfer function of the 
microelectrodes. The microelectrode's target was moved relative to the stationary 
microelectrode by a small dynamic speaker, itself controlled by an HP function 
generator. The target was covered by a thin layer of saline within an upturned plastic 
lid. Movement of the target was independently monitored by resting the whisker of 
the optic probe on the lip of the lid. Figure 7.12A shows two examples of the large-
signal electrode transfer functions that were obtained in this manner. Figure 7.12B 
shows examples of the transfer function over a larger displacement range, showing its 
high-displacement linear portion. The pseudo-linear range and the sensitivity 

(MOhm/m) of the blocking process appeared to depend on the resting electrode 
resistance, and on the nature of the test surface. Lower resistance (larger tip) 
electrodes had a wider pseudo-linear range, and reduced sensitivity. Conversely, high 
resistance ‘sharp’ microelectrodes (e.g. >50MOhm) were more sensitive, but had a 
reduced pseudo-linear range.  

The large-signal transfer function could be approximated by assuming that the 
resistance was a function of target-to-tip displacement (d):R(d) = c + a.exp(d-xo), where 
'c' is the rest resistance of the electrode in free fluid, 'a' was an equivalent large-signal 
sensitivity of the electrode, and 'xo' was an offset representing the operating point on 
the nonlinear (exponential) transfer function . This equation was used to produce a 
least-squares regression fit to the large signal electrode transfer function, using a Lev-
Mar fitting algorithm in custom-written software (LabView 7.0; National Instruments). 
The electrode resistance signal was plotted relative to the target speaker drive, and 
the inflection point of the Lev-Mar fit could be used as an indicator of target 
displacement. While useful, in most applications it is likely that a simple combination 
of minimal drift, small-signal stimuli, and the incorporation of a small-signal calibration 
displacement would obviate the need to perform such least squares fitting. Figure 7.13 
also illustrates that when the large signal stimulus amplitude is changed, the data still 
follows a single nonlinear transfer curve, indicating that there are no complex 
adaptation processes in the electrode blocking process. 

Before our ultra-stabilization process was fully developed, a significant challenge in 
obtaining these large-signal transfer functions was significant drift between the 
electrode holder and the target, which moved the electrode out of its pseudo-linear 
range (Figure 7.14). This caused the electrode to either become insensitive, or to over-
block and even break (as was often the case for the sharp microelectrodes). The cause  
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HP FUNCTION 
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Figure 7.11 The setup for investigating the large-signal transfer function of the microelectrodes. 

The microelectrode's target was moved relative to the stationary microelectrode by a small 

dynamic speaker, itself controlled by an HP function generator. The target was covered by a thin 

layer of saline within an upturned plastic lid. Movement of the target was independently 

monitored by resting the whisker of the optic probe on the lip of the lid. 
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a =3.02
b =14.0
c =7.74
x = 1.74

10% ΔR

0.1 µm

0.1 µm

10% ΔR

a = 0.66
b = 10.9
c = 10.4
x =-1.45

Figure 7.12 Two typical electrode transfer functions derived for two different 

microelectrodes in contact with a target oscillating at 0.2Hz. The electrodes in 

these cases were both broken sharp microelectrodes (80MOhm broken to 

10MOhm) and the target was superglue over bone-wax. See text for a description 

of the nonlinear functions that were fit to these curves and the parameters used. 

The parameters refer to the coefficients of a least squares exponential fit to the 

curves (see text). 
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2% ΔR

50 nm
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100 nm
Optic

2% ΔR
10 s

Electrode

Figure 7.13 A typical example of an electrode transfer function generated by plotting the 

resistance change (to trace marked "Electrode") against the imposed target displacement 

(second trace marked "Optic"), producing a set of Lissajous figures (lowest traces. The 

nonlinear transfer function is clearly flat to the left (where the target leaves contact with the 

electrode tip), but a steep and approximately exponential rise in resistance as the target 

progressively contacts the electrode tip. In many of the later animal experiments the imposed 

displacements were small, and the exponential transfer function could be approximated by its 

tangent at the operating point on the curve. 
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of this drift was probably a combination of (i) thermal expansion of the electrode 
holder and target speaker (this highlighted the importance of active stabilizationin 
vivo), and (ii) movement of the target surface itself, due to osmotic swelling of the 
underlying cells (in the case of biological targets), or lack of adhesion of the target 
surface to the plastic substrate. 

7.4.3 Hysteresis in the electrode transfer function 

There was often some hysteresis of the large-signal electrode transfer function 
(Figure 7.15) that was not present when the electrode was used in small-signal mode 
(see below). The direction of the hysteresis observed in such large-signal transfer 
functions was consistent with adhesion between the electrode tip and the target 
surface, and so the hysteresis may not necessarily be a fundamental characteristic of 
the electrode blocking process itself. Figure 7.16 shows an extreme example. In this 
case the target was double sided adhesive tape on the floor of a small Eppendorf tube 
lid. 

As discussed earlier, changes in electrode stray capacitance (e.g. with varying fluid 
depth) would be expected to modulate the electrode impedance by changing the stray 
capacitance of the electrode interior to the surrounding bathing fluid, and when using 
synchronous detection of the AM signal this would manifest as a change in estimated 
resistance. Fluid depth changes would occur both when the animal was moved 
vertically with a calibration movement, with sound-evoked fluid movements within the 
cochlea, and also over many minutes in response to changes in fluid depth within the 
cochlea, or possibly with condensation around the electrode shank in vivo. Despite this 
possibility, Figure 7.17 demonstrates the lack of sensitivity of the resistance 
measurement to changing electrode fluid depth at different AM current injection 

frequencies. At 374Hz injection, with the electrode in free solution, a 25m change in 

fluid depth, produced a change in resistance of about 1%/25m (0.04%/m) change in 

fluid depth, whereas more than 1%/1m change often occurred when blocking against 
a target, including the BM (see Chapter 9). 

7.5 Frequency response of the microelectrode probe 

The frequency response of the electrode displacement measurement system was 
different, depending on whether we used the electrodes in AM mode, or baseband 
mode.In AM mode, the frequency response was limited by the AM injection frequency, 
due to the Nyquist sampling limitation (aliasing occurs if the signal frequency is more 
than half the sampling frequency). For example, if a 20kHz current injection frequency 
was used, then the AM signal produced would have a 20kHz carrier frequency, and the 
demodulation process would require low-pass filtering at half the carrier frequency or 
less (less than 10kHz). To allow the raw (un-demodulated) AM signal to be recorded as 
a wave file (enabling re-analysis later with different demodulation parameters), the 
AM carrier frequency would need to be sufficiently low to allow recording by a 
standard computer sound card. Our compromise was to use a 9kHz carrier frequency, 
allowing the raw AM signal to be recorded via a standard computer sound card at 
44.1kHz sampling rate. As a result, the bandwidth of the demodulated AM signal was 
about 4kHz after low-pass filtering in the demodulation process. The AM mode was 
necessary in some cases where the magnitude of the CM was sufficiently large that the 
CM and BM signals would be confused in any baseband recording. 
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10 nm

2% ΔR

2% ΔR
10 sec

Electrode

10 nmOptic

Figure 7.14 An early electrode resistance response during a 1 Hz sinusoidal movement of a 

target (superglue over bone wax; upper trace). Although the optic probe registered stable 

target movement (second trace marked "optic"), there was clearly a relative drift between 

the target and electrode tip, so that the measured resistance rose initially as the target 

drifted closer to the electrode tip, but then abruptly the target moved away from the tip 

(mid trace), so that the electrode response disappeared altogether. This problem of a 

relative drift between the tip and target was eradicated in later experiments when the 

mechanical stability of the system was improved (see text). 
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Electrode
5% ΔR

50 nm

2% ΔR

PID output

200 nm
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Optic
200 nm

Figure 7.15 Another example of an electrode transfer function derived by measuring 

the change in electrode resistance (upper trace marked "electrode") and the 

displacement of the target (marked "optic"). In this case, the output to the V4 actuator 

was the sum of the PID output circuitry providing a stable displacement clamp and a 

triangle wave target movement at 0.2Hz, and a slow displacement drive coming from 

the feedforward circuit, and used to move the oscillating target towards the fixed 

microelectrode tip. The sum of these electrical drives is shown labelled "PID output". 

The time traces and the Lissajous figures derived from them (lowest traces) show nor 

electrode response when the target is out of contact with the electrode tip, and an 

increase in electrode signal as the target is progressively moved closer to the stationary 

tip. In this case the transfer function was very steep indicating that the electrode was 

very sensitive. The hysteresis in the Lissajous figures was not great, and was 

exacerbated by using a triangle wave displacement stimulus. Sinusoidal target 

7-28 



 

 

  

Figure 7.16 Resistance changes (upper trace) of a microelectrode in contact with a super-

glue covered bone-wax target moved at 1Hz, 0.5Hz and 0.2Hz (left to right). Also shown are 

the triangle-wave target movement measured by the optic probe (middle trace, labelled 

'optic') and the electrical drive to the V4 actuator (bottom trace, labelled 'PID output'). 

Clearly the resistance change was not proportional to the target displacement, as 

emphasised by plotting the resistance change as a function of target displacement (lower 

Lissajous figures). The electrode transfer functions derived in this way were asymmetric, 

with the drop in resistance to the left of the transfer functions limited because the electrode 

resistance could not fall below its free-fluid (no contact) value. There was also significant 

hysteresis, especially at the higher frequencies. Note also that the hysteresis direction was 

consistent with a cyclic adhesion of the electrode tip to the moving target, where resistance 

fell more slowly as the target moved away compared with its rise as the target moved 

closer. 
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If the CM signal was not sufficiently large that the AM mode was required, then 
the electrode probe could be used in baseband mode (DC current injection and no 
demodulation required). In baseband mode the frequency response seemed to be 
limited only by the RC corner frequency of the microelectrode itself. Although this high 
frequency performance of the microelectrode probe was not the focus of this study 
(we were investigating very slow auto-regulatory movement of the organ of Corti), we 
have investigated the high frequency response of the microelectrode probe to some 
extent. The first difficulty in doing so was the development of displacement source 
that could move at frequencies at or above the electrode corner frequencies. With the 
5MOhm electrodes used, the RC corner frequency of the electrodes was near 20kHz 
(see below). 

The simple test process finally used was a small piezo-electric disc driven by either 
a function generator or a laptop sound card, with pure tone or broadband stimuli 
(Figure 7.18). The piezo disc was mounted, earthed brass face, up on the stiffness plate 
of the V4 actuator, on a tripod of BluetacTM feet around its perimeter. It was hoped 
that the Bluetac might partially damp the inherent resonance of the piezo disc (it did 
not). The on the top surface of the piezo disc was placed the target for the 
microelectrodes (in this case a small square of double sided adhesive tape), and this 
was covered by a droplet of saline, which completed the conducting circuit from the 
electrode tip to the earthed top of the piezo disc, and added to the mass-loading of the 
disc by the target. Also added to the top surface of the piezo disc was a fine wire 
shadow whisker in the shape of an inverted U. This allowed the optic probe to also 
monitor the movement of the piezo disc, independent of the microelectrode probe. 

As seen from Figure 7.19, the displacement response evoked with broadband 
noise and measured by both the optic probe and the electrode probe showed a 
complex resonance of the piezo disc between 5kHz and 10kHz, but maintained 
displacement to frequencies close to 20kHz. The electrode frequency responses were 
increased using the negative capacity compensation of the WPI amplifier. The 
displacements registered by the electrode and the optic probe were clearly not 
identical (Figure 7.19), as would be expected from the resonance of the piezo disc 
itself, and the 3D resonance of the U-shaped whisker. Nevertheless, both probes could 
monitor displacements for frequencies close to the corner frequency of the 
microelectrode (which was near 20kHz, as judged by the electrode noise without an 
acoustic stimulus or a DC electrode bias (Figure 7.19). Given that the optic probe 
response was more complex than the microelectrode response (as expected from the 
vibration of the piezo disc and the U-shaped whisker), the most parsimonious 
interpretation of these results is that the complexity in the noise spectrum of Figure 
7.19 was due to the complex movement of the piezo itself, and that the 
microelectrode was a very simple sensor of the piezo movement, at least to 15kHz or 
so, and most likely to its electrical corner frequency. That the noise spectrum of the 
mechanical response was not complicated by distortion of the piezo movement or 
within the measurement chain was demonstrated by driving the piezo disc with 
broadband noise over a wide intensity range and noting that the noise spectra scaled 
in proportion to the electrical drive waveform. The validity of the noise spectra were 
also confirmed by checking the frequency response with pure tones across the 
complete frequency range (although avoiding the complex resonances between 5kHz 
and 10kHz). That this broad frequency response of the microelectrode displacement 
probe was a general property of the microelectrodes is illustrated in Figure 7.20,  
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Figure 7.17 The frequency response of the microelectrode resistance probe technique was checked 

by observing the movement of a piezo-disc, coupled to the V4 actuator by a thin tripod of 

BlutackTM, and driven electrically with either pure tones or broadband noise. The microelectrode 

probe was lowered onto a target glued to the earthed brass side of the piezo and covered with a 

thin film of saline. The movement of the piezo was also monitored simultaneously by the optic 

probe, which was lowered around an upturned U-shaped whisker of wire soldered to the brass 

surface of the piezo disc. While the piezo disc was typically resonant in a complex way (see text), the 

movement presented to the optic probe was complicated further by the resonance of the whisker 

combined with the piezo stiffness, or by lateral resonances of the whisker side-to-side. While we did 

not optimise this test system for its very-high-frequency behaviour, the setup was easily adequate 

to demonstrate the simple behaviour of the microelectrode probe up to 10kHz, and possibly at 

higher frequencies, limited only by the electrical corner frequency of the microelectrode itself (see 

text). 
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Figure 7.18 The lowering of a microelectrode into conducting fluid lowers the electrode impedance 
by increasing its stray capacitance as the bathing fluid covers more of the electrode's tip and shank. 
This  effect  can  be  seen  here  as  a  microelectrode  is  manually  lowered  step-wise  into  a  saline  bath

(25 m m/step).  A  0.275%  resistance  scale  bar  is  produced  at  the  start  of  the  trace  (enlarged  in 

the insert).  Each  25 m m  step  corresponds  to  about  a  1%  drop  in  impedance  (correspond  to  0.4ppm 

per nanometre  meniscus  change).  The  fact  that  this  impedance  change  is  so  small  and  in  the 

opposite direction to any change expected when hitting a cochlear target implies that  meniscus 

changes are insignificant in the use of microelectrodes for the detection of cochlear movement.

7-32 



 

 

 

 

 

  

 

  

 

  

    

 

    

 

  

    

 

 

 

  

   

 

   

  

 

Figure 7.19. Upper light grey traces show the changes in the high-frequency Johnson noise of 
typical microelectrodes as  the  initially  over-compensated  and  almost  oscillatory  electrode  is 
lowered through the fluid meniscus. The deeper the electrode penetrates the fluid (perilymph in 
our  case), the  higher the stray  capacitance,  and  the  more  damped  is  the  electrode's  electrical

resonance. Note also that these changes in depth (up to 200m) are far larger than the round- 
window  or  meniscus  movements  produced  by  sound.  Notice  also  that  the electrical resonant 
peak of  our  5MOhm  microelectrodes  was near  18kHz. Also  shown (black  curves) are  three 
examples  of  the mechanical frequency-response  of  an  electrode target sitting  on  a  piezo  disc, 
with  the  piezo  driven  with  broadband  electrical  noise.  The displacement  of  the  target  was 
measured using the resistance modulation of the three different microelectrodes supplied with 
DC  current  injection  (baseband  mode  of  displacement  measurement).  The mechanical 
resonance between 5kHz and 10kHz was very similar across electrodes, and was also present in 
the  response  measured  by  the  optic  probe  (dark  grey  curve). This  indicates  that  these 
resonances did not originate in the electrodes, but were due to the high-frequency mechanical 
behaviour  of  the  piezo.  The  differences  between  the  displacements  measured  with  the 
electrodes or the optic probe are probably due to resonances of the U-shaped whisker for the 
optic probe. The electrode responses did differ slightly at very high frequencies (above 16kHz), 
probably due to differences in  the electrical corner frequency of the electrodes. Also  shown is 
the piezo mechanical response, measured with a fourth electrode, but with sinusoidal drive to 
the piezo. The frequency response using sinusoidal displacements was almost the same as that 
measured with displacement noise. The fall off and differences at high frequencies is probably 
due to variations in electrode electrical corner frequency. Overall it appeared that the electrode 
measurements  of  target  movement  were  reliable,  and  less  complicated  than  the  optic 
measurement,  because  no  intermediate  shadow  whisker  was  required.  It  also  seems  that  the 
electrodes  can  function  as  a  vibration  sensor  to  frequencies  out  to  the electrode's 
electrical  corner frequency.  
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Figure 7.20 The frequency response of the piezo-driven test target measured using the 

microelectrode displacement probe with +100nA DC bias (baseband mode). The piezo 

driver was driven with broadband noise, and the noise level was increased in 10dB 

increments until partial saturation of the displacement response occurred. The 

proportionality of the response demonstrated that most recordings were in the linear 

range of the electrode detection system. The lowest grey trace shows the mechanical 

noise floor of the recordings where the broadband noise drive is off, but the DC current 

injection was still on and the electrode tip was still in contact with the target. These 

tuning curves have been corrected for the electrode's electrical frequency response 

(estimated from the electrode's Johnstone noise response with no electrical or 

mechanical stimulus provided). Note also the piezo's resonance between 5kHz and 10kHz 

(consistent with the sound it produced and the manufacturer's data sheet), and the 

electrode's ability to measure the target movements up to its electrical corner frequency. 

This far surpassed our expectation for the technique, and was far beyond what was 

required to monitor the slow homeostatic movements of the organ of Corti, which was 

the main aim of this study. 
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where the piezo-disc response noise spectrum is shown for three successive 
microelectrodes. The noise spectra overly, except at the highest frequencies, where 
the differences are due to the different electrical corner frequencies of the electrodes 
themselves. 

Finally, the displacement frequency responses of the V4 actuator was remarkably 
flat across the frequency range of DC to 500Hz, as measured with both the optic probe 
and the microelectrode probe in AM mode. The microelectrode tip was in contact with 
an adhesive-tape target at the bottom of the upturned lid of an Eppendorf tube, glued 
on top of the brass stiffness plate of the V4 actuator. The tape was itself covered by a 
thin film of earthed saline.  The shadow whisker for the optic probe was landed on the 
lip of the lid, so that both the microelectrode and the optic probe were close to each 
other. The V4 actuator was then driven with a broadband noise (at different levels to 
ensure linearity), and the response from the two probes was averaged for a minute. As 
seen from the overlying simultaneous noise spectra from the two displacement probes 
in Figure 7.21, the V4 actuator produced a displacement that had a flat frequency 
response from DC to well about 500Hz, where a resonance was observed in the optic 
probe, with a modified version of it in the microelectrode response. This may have 
been a V4 resonance, or a resonance of the lid. (A) Overall, the results emphasise the 
flat frequency response of all three components: the V4 actuator, the optic probe, and 
the microelectrode probe. Note also that the microelectrode probe was used in AM 
mode: a 9kHz sinusoidal current (64nApeak) was injected into the electrode, and a 
modulation of the Ohmic 9kHz voltage was produced, caused by the resistance 
modulation at the electrode's tip due to the graded blockade as it touched the moving 
target. The demodulation of this AM signal was accomplished with envelope detection: 
the AM signal was high-pass filtered at 6kHz to remove any baseband signal, rectified 
using a germanium small signal diode, and then low-pass filtered at 3kHz to remove 
the 9kHz AM carrier. The spectrum of the demodulated electrode signal has been 
moved vertically by eye so that the two spectra overlie almost completely over the 
frequency range DC to 1000Hz. (B) Above 1000Hz, the complex mechanical behaviour 
of the V4 actuator and the lid, and possibly the optic shadow whisker, complicates the 
measurements. The effect of the 3kHz low-pass filtering of the demodulation process 
can be seen above 1000Hz. 



  

Figure 7.21 The displacement frequency response of the V4 actuator was remarkably flat across the 
frequency range of DC to 500Hz, as measured with both the optic probe and the microelectrode 
probe. The microelectrode tip was in contact with an adhesive-tape target at the bottom of the 
upturned lid of an Eppendorf tube, glued on top of the brass stiffness plate of the V4 actuator. The 
tape was itself covered by a thin film of earthed saline.  The shadow whisker for the optic probe was 
landed on the lip of the lid, so that both the microelectrode and the optic probe were close to each 
other. The V4 actuator was then driven with a broadband noise (at different levels to ensure 
linearity), and the response from the two probes was averaged for a minute. As seen from the 
overlying simultaneous noise spectra from the two displacement probes, the V4 actuator produced a 
displacement that had a flat frequency response from DC to well about 500Hz, where a resonance 
was observed in the optic probe, with a modified version in the microelectrode response. This may 
have been a V4 resonance, or a resonance of the lid. (A) The results emphasise the flat frequency 
response of all three components: the V4 actuator, the optic probe, and the microelectrode probe. 
Note that the microelectrode probe was used in AM mode in this case. A 9kHz sinusoidal current 
(64nApeak) was injected into the electrode, and a modulation of the Ohmic 9kHz voltage was 
produced, caused by the resistance modulation at the electrode's tip due to the graded blockade as 
it touched the moving tape. The demodulation of this AM signal was accomplished with envelope 
detection: the AM signal was high-pass filtered at 6kHz to remove any baseband signal, rectified 
using a germanium small signal diode, and then low-pass filtered at 3kHz to remove the 9kHz AM 
carrier. The spectrum of the demodulated electrode signal has been moved vertically by eye so that 
the two spectra overlie almost completely over the frequency range DC to 1000Hz. (B) Above 
1000Hz, the complex mechanical behaviour of the V4 actuator and the lid, and possibly the optic 
shadow whisker, complicates the measurements. The effect of the 3kHz low-pass filtering of the 
demodulation process can be seen above 1000Hz. A small residual component of the 9kHz AM 
carrier can also be seen in the spectrum (marked by *). 

7-45 
 



 



  

7-47 
 



 
 

8 Animal methods and sound system 

8.1 Animal preparation 

All animal experiments were sanctioned by The University of Western Australia 
Animal Ethics Committee (Ethics Approval Number RA/3/100/1191). In vivo 
experiments were performed on 48 male and female guinea pigs (200-350g), pre-
medicated with Atropine (1mg/kg fixed dose, intramuscular), and then anaesthetized 
with Nembutal (intraperitoneal sodium pentobarbitone, 25mg/kg initially, and 
12.5mg/kg every 2 hours thereafter) and Hypnorm (0.15mL fixed dose, intramuscular, 
repeated every hour). Following tracheotomy, animals were artificially ventilated with 
Carbogen (95% oxygen, 5% carbon dioxide). A custom-made T-shaped ventilation tube 
was used in place of the laboratory's standard Y-shaped tube, and the incision into the 
trachea was made as low on the trachea as possible, to allow for the necessarily acute 
angle of the animal’s head required for vertical access through the bulla and round 
window to the basilar membrane. The electrode approach to the BM had to be vertical 
so that it was parallel to the axis of the actuator, which required the animal’s chin be 
tucked tightly down. Because of this angle, extreme care had to be taken that the 
trachea did not become kinked or occluded when positioning the animal in the custom 
head holder. 

Throughout experiments, ECG was monitored, and core rectal body temperature 
was maintained at 38.5oC. During preliminary surgical procedures, a heating lamp was 
also used to maintain body temperature, and anaesthesia depth was routinely 
monitored with foot-withdrawal and corneal reflexes. After all surgical procedures 
were completed, animals were paralyzed to eliminate spontaneous middle ear muscle 
contractions and muscle noise (0.1mL pancuronium bromide at 2mg/mL, 
intramuscular, fixed dose). Thereafter, anaethesia depth was monitored using heart 
rate. 

Following tracheostomy, the skin over the snout and forehead was removed, and 
the skull surface was cleaned and dried with tissue before coating with cyanoacrylate 
glue to improve adhesion between the bone and the dental cement. Before mounting 
in the custom-made ear bars, the left and right tragi were removed to assist mounting 
in ear bars, and the right ear canal (the test ear) was cleared of any debris. Acrylic 
dental cement (Quick Resin, Shofu, Japan), was used to cement the exposed bone of 
the snout to the brass snout mount, and to attach the forehead leaf springs to the 
bone of the forehead (see Figure 5.1). 

An opening was then made in the dorsolateral bulla, revealing the lateral semi-
circular canal and the round window (Figures 8.1A, B and C). A platinum earth wire 
wrapped in saline soaked tissue was placed under the skin of the neck to serve as a 
reference for the electrode recordings. The optic probe contact whisker and the 
electrode displacement probe were then lowered into position above their respective 
landing sites on the lateral semi-circular canal and round window, using a 
micromanipulator (Narashige, Japan) and the custom-designed fine optic probe 
position adjustment. 

8.2 Successful landing of the probes 

The successful landing of both probes together was accomplished after much 
practice. First the electrode probe was adjusted in vertical height along the length of  
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Figure 8.1A. Animal setup, showing the animal with head secured in the headholder, mounted on the 

stiffness plate of the V4 actuator. Also shown are the optic probe, the microelectrode holder, and the 

front-back stiffening leaf spring to attenuate ventilation and pulse movements (see Chapter 5). 
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PHOTODIODES 

Figure 8.1B. Close up of the opening into the bulla through the Zeiss operating microscope, showing 

the optic probe whisker in contact with the lateral semicircular canal, and the glass microelectrode 

displacement probe passing through the round window and contacting the basilar membrane (see 

Figure 8.1C for closer view).  
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Figure 8.1C. Close up of the basilar membrane as seen through the round window, showing the edge of the 

tympanum at the bottom edge of the bulla opening, the lateral semicircular canal to the bottom right, and 

the microelectrode in contact with the basilar membrane in the centre of the image. 
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the electrode holder slot by experience in attempt to have the optic probe land on the 
vestibular landing site first, so that as the whole probe assembly was lowered and the 
electrode  tip  pierced  the  round  window  and  moved  downward  towards  the  basilar 
membrane, the  optic  probe  would  move  towards the  centre  of  its transfer  curve  and 
be  at  the  centre  point  just  as  the  electrode  tip  made  first  contact  with  the  basilar 
membrane.  The  fine  adjustment  of  the  optic  probe  height  allowed  for  adjustment  of 
the  relative positions of the two probe tips during  this  process,  but  only over  a  small  
range of a few tens of micrometers. As a result, it was common that the electrode 
required  readjustment  one  or  two  times  after  initial  trials  in  each  animal,  which 
required the whole assembly to be raised away from the animal to prevent damage to 
the  probe  tips  and  the  animal  as  the  readjustments  occurred.  Normally  after  one  or 
two readjustments both probes reached their landing positions together, and then the 
ultra-stabilization could  be  switched  on.  Once  this  was  achieved,  the height  of  both 
probes  could  be adjusted  using the  feedforward electronic adjustment, which  moved 
the two probes without fighting the feedback PID compensation.

  During  this  landing  procedure  the  optic  probe  tip  and  the  electrode  tip  were 
observed  through  the  operating  microscope  to  ensure  that  both  were  landing  at  the 
desired  locations.  It  often  occurred  that  the  whole  approach  process  needed  to  be 
repeated  because  of  steric  hindrance  between  the  electrode  and  the  edge  of  the 
round window, which prevented the electrode tip landing at the target site (the basilar 
membrane  or  the  spiral  lamina).  In  some  cases fine  adjustment  of  these  issues  could 
be  accomplished  by raising  the  electrode  out  above  the  round  window,  and  moving 
the  assembly  left  or  right  and  away  or  toward  the  cochlea,  to  take  advantage  of  the 
fact that the axes of the micromanipulator were not parallel to the edge of the spiral 
lamina. These fine adjustments most often allowed the electrode tip to be positioned 
precisely on the desired basilar membrane or spiral lamina position. It was important 
through  all  of  these  adjustments  that  the  view  of  the  electrode  tip  was  clear,  which 
meant that the lighting level had to be high, and the perilymph had to be clear (free of 
blood and debris, which was made easier by avoiding cochlear opening by approaching 
through the round  window). In  many cases the  loss  of perilymph pressure  during the 
experiments  meant  that  the  round  window  began  to  lose  its  turgor,  and  sag  inward 
towards the basilar membrane. This was a problem because it meant that it was more 
difficult  for  the  electrode  to  pierce  the  round  window  cleanly  without  skidding 
downward along its outer surface. To penetrate the tough round window, it was often 
necessary to gently tap the electrode holder with a pair of forceps to apply an impulse 
that  drove  the  electrode  through  the  round  window  without  breaking  the  tip. 
Successful impalement of the round window was indicated by the electrode resistance 
dropping  back  to  its  rest  value  (assessed  on  the  wet  surface  of  the  round  window), 
which  remained  stable  as  the  electrode  tip  was  lowered  through  scala  tympani 
towards the basilar membrane. Throughout the last phase of the landing process when 
the optic probe had landed, PID stabilization was on, and the BM electrode was poised 
above  the  BM  (or  lamina)  surface,  the  calibration  tone  was  switched  on,  to  help 
observe  the  successful  first  contact  with  the  BM.  When  this  was  observed,  the 
feedforward  control  was  used  to  finely  move  the  electrode  tip  to  make  acceptable 
contact with the BM (part way up the large-signal transfer curve). On occasions (after 
practice) the landing could be achieved with the coarse micromanipulator control, but 
we preferred to use the finer feedforward control, often pre-biasing it away from the
BM before landing, so that when landing occurred the process of moving the electrode
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downward to make proper contact meant less the feedforward drive, and therefore 
less heat dissipated in the V4 actuator, which could have produced thermal drift (the 
feedforward currents could be large, of the order of hundreds of milliamp). 

8.3 Sound delivery system 

The ear canal of the test ear was held in place in the custom made headholder 
with a nylon (insulating) M4 screw. Sound was delivered by sealing a 35mm long, mm 
diameter polyethylene tube into a 1mm diameter hole drilled down the middle of the 
screw. The length of this sound delivery tube was kept to a minimum, to minimize its 
compliance and ensure sufficient low-frequency (~200Hz) drive to the ear canal to 
saturate the OHCs at high sound levels (allowing a quick estimate of the amount of 
OHC mechanical drive, and to evoke the bounce phenomenon). 

Sound stimulation was via an ear bud speaker (brand, TDK). Higher sound levels at 
low frequency (<300Hz) could be achieved by reversing the ear bud and using the back 
vent of the ear bud for sound delivery, rather than the normal front. The vents at the 
front of the earbud, and the opening at the front of the earbud, were sealed with 
epoxy putty to increase the sound level further. The presentation of the sound to the 
ear canal through the tube allowed an internal control experiment to exclude electrical 
pickup as the source of electrode signals. If the delivery tube was clamped off with a 
pair of haemostats the measured displacement signal should disappear, otherwise it 
was electrical pickup of the electrical drive to the ear bud, rather than the result of 
acoustic stimulation. Many such experiments ensured that the signals measured were 
truly acoustic in origin. 

The sound system was calibrated in situ using both broadband noise and pure 
tones. Because the of lightweight construction of the headholder, and the small 
opening of the ear canal screw, the sound system calibration was done with very fine 
brass probe tube sealed into ear canal screw next to the sound delivery tube. A Bruel & 
Kjaer 1/2" condenser microphone was used for calibration. Figure 8.2 shows the 
calibration of the ear bud speaker, after correcting for the attenuation of the fine brass 
probe tube. 

8.4 Current injection and modulation of physiology 

As described in Chapter 7, current injection through the microelectrodes inserted 
into scala tympani were limited to 32nA pp to avoid the electrode noise and instability 
observed at higher current levels. This level of current injection would not sufficient to 
modulate the active process. Yates and Kirk (1998) have shown that the active process 
of the organ of Corti is only modulated by much higher current. Similarly, Patuzzi et al. 
(2004) have demonstrated that the spontaneous firing of primary afferent neurones is 

only modulated by injected currents greater than 1A, which produced only a few 
millivolt change in endocochlear potential, which is known to produce only small 
changes in spontaneous firing of auditory afferents (Sewell, 1984). Patuzzi (2011) has 
also shown that even larger currents are required to modulate cochlear gain (as 
measured by compound action potential thresholds). As a result, the low electrode 
currents we have used (less than 200nA) to measure microelectrode resistance and 
basilar membrane movement were sufficient to produce low-noise measurements, but 
were not sufficient to modulate the cochlear physiology directly. 
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Figure 8.2 . Calibration of the sound pressure produced by the two earbud speakers used 

in this study. The curves represent the sound pressure generated within the ear canal, 

corrected for a constant 400mV peak-to-peak electrical drive, and for the probe tube and 

microphone insertion loss. Clearly the TDK earbud was more efficient than the Sony 

earbud at lower frequencies, and was used in the later animals. Over the low-frequency 

range of most interest in this study, the sound field was well behaved, with sound 

pressures simply rising monotonically from 10Hz to 400Hz, but still useable out to near 

3kHz.  
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9 Animal measurements: post mortem and in vivo

  Once  the  protracted  development  of  the equipment was  complete,  there  was 
limited  time  to  use  these  techniques  in  living  animals.  Although  some  of  the 
developments  could  occur  in  animals post  mortem (including  the  surgical  approach, 
the  headholder  and  the probe assembly),  a  proper  test  of  the  developed  techniques 
required living  animals,  with the  complete  array  of  problems (including  pulse  and 
ventilation  artifacts).  While  some  recordings  in  live  animals  with  normal  cochlear 
function were obtained, we did not have sufficient time to perform exhaustive testing, 
and  especially  not  of  the  slow hair  cell motility which  was  our  ultimate  goal. Overall, 
we  have  performed  sufficient  animal  experiments in  48  animals to  demonstrate  the
viability of all subsystems, and the system as a whole, as described below.

9.1 Through the RW and scala tympani to the BM

  Because  the  very  tip  of  the  electrode  could  not  be  visualized  with  the  operating 
microscope, cues from the resistance measurement were used to know the location of 
the  electrode  tip  relative  to  the  RW  and  other  structures. Figure  9.1A shows  an 
example of the resistance signal during a typical ‘track’, with the electrode first landing 
on the wet surface of the RW, then making contact with the RW, then puncturing the 
RW before traversing scala tympani to land on the BM. A pilot movement of the whole 
head was used to indicate when the electrode was blocked on the (moving) surfaces of 
the RW or BM. The moisture on the RW surface was sufficient to allow measurement 
of  electrode  resistance  before  touching  the  RW  surface.  On  moving  downward  to 
touch  the  RW  surface, the  electrode  resistance would  increase,  and then often  block 
completely  (Figure  9.1B).  The  electrode  was  then  ‘tapped’  through  the  RW  by  first

advancing  it  very  slightly  (<5m),  thereby  applying  a  slight  pressure  bias  of  the 
electrode  tip  onto  the  RW,  before  tapping  gently  on  the  micromanipulator  to
'encourage'  the  electrode  tip  through  the  RW.  We  knew  when  the  electrode  had 
punctured  the  RW,  because  the  electrode  resistance  dropped  back  to  its  rest  value 
when  in  free-fluid,  and  the  pilot  movement  signal could  no  longer  be  seen  on  the 
electrode trace. When the animal was in good physiological condition with a high pulse 
rate and blood pressure, the turgor of the RW was also high, and the electrode could 
puncture  the  RW  more  easily. In  some  animals,  after  hours  of  surgery  and  after  the 
heart  rate  had fallen  and blood pressure  was below  normal, the  RW  drooped  inward 
into the cochlea, and the electrode was then prone to sliding along the outer surface 
of the RW as it was moved downward, rather than puncturing it cleanly. This scraping 
of  the  RW  outer  surface  could  also  block  the  electrode  tip  with  protein,  which  then 
required overcompensation to  clear,  thereby  increasing  resistance  drift.  Once  the 
electrode  had  pierced  the  RW  and  was  tracking  downward  towards  the  BM,  it  was 
relatively easy to see the shank of the electrode through the RW as it moved through 
scala  tympani.  With  practice  it  was  possible  to  visualize  the  location of the  electrode 
tip poised just above the basilar membrane, and to move the electrode left and right 
or  front  and  back  to  land  the  tip  where  it  was  required.  This  process  was  far  more 
controllable and versatile than the placement of a Mossbauer source or light reflector 
on  the  BM  (Patuzzi,  personal  communication).  Once  the  electrode  came  into  contact 
with the target, the pilot movement would again be visible in the displacement signal. 
Sound-evoked  movement  of  the  BM  could  be  clearly  seen  when  contacting  the  BM
(upper panel), but not the lamina (lower panel). 
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Figure 9.1. Two typical examples of the changes in electrode resistance as the 
microelectrode was brought into contact with the round window, was tapped through the 
round window, and then was manually advanced through the perilymph of scala tympani 
to contact the basilar membrane (upper trace) or bony spiral lamina (lower trace). Note 
that a pilot response only appears when the electrode tip contacts a target (it is absent 
while the tip is free in perilymph). The insets show waveform detail with higher time 
resolution. Near the end of the upper trace an acoustic tone was presented via the 
earbud, and a large displacement was observed on the basilar membrane. Near the end of 
the lower trace a 200Hz tone was also presented, but no similar response was observed 
on the spiral lamina, even though the pilot movement produced by head oscillation was 
clearly observable as a thickening of the resistance trace. 
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9.2 AM versus DC current injection

Initially, microelectrode AM injection at only a few hundreds of Hz was used in vivo
as  it  had  been in  vitro (see Chapter  7),  because  that  would  have  been  sufficient  to 
monitor  slow  autoregulatory  movements.  However,  as  it  became  apparent  that  the 
frequency  response  and  sensitivity  of  the  technique  was  sufficient  to  also  monitor 
sound-evoked  vibration  of  the  cochlea  and  middle  ear,  high  frequency  AM  (9-12kHz)
and DC microelectrode current injection were performed. High-frequency AM injection 
increased the  Nyquist sampling frequency  of  the  demodulated  baseband  signal.  DC 
current injection up to 150nA (90nA typical) was used, which is far less than would be 
required to  modulate  the  active  process or  the  spontaneous  firing  rate  of  primary 
afferent  neurones (see  Chapter  1).  Figure  9.2  demonstrates the  equivalence  of high- 
frequency  AM current  injection  (requiring  demodulation) and DC current  injection
(producing  a  baseband  displacement  response)  in  response  to synchronized  but un- 
stabilized pulse/ventilation movements in  the  same  animal. Note  that inverting  the 
polarity of the DC current injection simply inverted the displacement signal, and there 
was no electrical  rectification at  the  electrode  (although  the  displacement-to- 
resistance transfer function was nonlinear,  as described in Chapter 7). Figure 9.2 also 
shows  how  electrotonically-spread  ECG remained un-inverted, regardless  of the 
current  injection  polarity.  This  contaminating  ECG can  also  be  seen  in  the  baseband 
electrode recording (marked ‘0nA’). Note that ECG and any other low-frequency signal 
produced by electrotonic spread to  the  recording site  (including CM) was rejected by 
the pre-filtering of the electrode signal before the AM-demodulation process (normally 
at  6kHz),  which  was  itself  rectification,  amplification  and  low-pass  filtering  (at  3kHz,
top trace).

9.3 Physiological condition of the cochlea (CAP and CM)

Figure 9.3A shows CM  results in two  representative animals from  which in  vivo
displacement data were obtained, as a simple demonstration of the good physiological 
condition  of  the  cochlea when  using the  new stabilization and  measurement  system. 
The  animal  preparation  and  surgery  to  expose  the  round-window  and  through  it  the 
basilar  membrane  was  minimally  invasive,  and  routine  in  our  laboratory. CAP  visual 
detection thresholds were better than 35dB SPL between 10kHz and 20kHz, which was 
close  to the  thresholds  reported  by  others (Johnstone  et  al.,  1979; O'Beirne,  2005;
Patuzzi  and  Rajan,  1990;  Patuzzi,  Sellick  and  Johnstone,  1989a). This  viability  of  the 
cochlea  was also  supported  by  low-frequency  microphonic  measurements  in  the 
animals,  which  showed  normal CM  waveforms (Figure  9.3B),  and  normal  hyperbolic 
growth  curves  for  the  low-frequency  CM, with  a  half-saturation  sound  pressure near

90dB  SPL,  and  a  saturation  amplitude  at  high  sound  levels near 1600Volt (Figures 
9.3A  and  B).  The growth  curves also provided an  internal cross-check  on the  sound 
levels used.  The  maximal  amplitude  of  the  200Hz  CM  was  also  an  indicator  of  the 
viability of the OHCs and the endocochlear potential in the basal cochlear turn (Patuzzi 
et al., 1989a,b), both of which appeared normal. Overall,  the  surgery to ventilate the 
animals,  mount  them  in  the  headholder,  and  open  the  bulla  to  gain  access  to  the 
round  window  was  produced  few  problems  to  the  cochlea,  or  the  researcher. The 
saturation of the  low-frequency CM shown in Figure 9.3B also indicates that the  low- 
frequency sound stimulation would have been sufficient to saturate the OHC receptor 
current  at  low  frequencies  (200Hz  and below),  and  would  have  been  able  to  evoke  a
low-frequency bounce in the cochlea. 
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Figure 9.2. The upper trace is the displacement response as the electrode tip contacts the 
basilar membrane, in this case recovered by envelope detecting the AM signal from the 
electrode generated by injecting a 9kHz AC current of 40nApp. Immediately below is the 
same signal measured a minute later using the baseband technique, with +100nA DC 
current injection, 0nA current and -100nA DC current. Note the inversion of the waveform 
with reversal of the DC current polarity, and the absence of any CM to the pulse/ventilation 
movement with 0nA injection.  The response with -100nA has been inverted and plotted in 
light grey under the +100nA response to emphasise their similarity (and also demonstrating 
the linearity of the current injection. with electrode voltage following Ohms law. Note also 
the ECG contamination of the electrode signal, which does not invert with inversion of the 
current injection, but retains its amplitude and waveshape with variations in current 
injection. It is not Ohmic, but arises from electrotonic spread. 
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Figure 9.3. (A) Growth functions for low-frequency microphonic at the round window in this study 
compared with previous data (Patuzzi et al., 1989) and with a hyperbolic growth of first harmonic 
amplitude (ACM) versus instantaneous peak sound pressure in the ear canal P, (ACM = Asat.P/(P + Psat). 
The saturation amplitude Asat was about 1600V, and the half saturation pressure Psat was near 
95dB SPL, as reported previously. Psat therefore corresponds to 9 Pa peak ear canal pressure, which 
itself corresponds to about 10nm of peak displacement (Patuzzi, 1987). (B) Microphonic waveforms 
were also completely normal, showing almost symmetric clipping on the positive and negative 
phases. Here 200Hz sound pressure was increased in 6dB steps from 80dB SPL (lowest curve) to 
110dB SPL (highest curve). These results demonstrate that the animals could be in good condition, 
with functioning cochlear hair cells and full endocochlear potential. 

A. B. 
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9.4 Artifacts, calibration and noise floor 

9.4.1 Control for electrical pickup from V4 or CM to the pilot movement 

It would be possible for the large drive signals to the V4 actuator to be picked up 
by the high-impedance microelectrode immediately above. When using the 
microelectrode probe in AM mode, this problem of electrical pickup was completely 
avoided because of the high-pass filtering of the AM electrode signal by the Stanford 
high-pass filter (most often at 6kHz for a 9kHz AM carrier). However, when we later 
used the microelectrode probe in baseband mode (when we realized how DC stable 
the system had become), the issue of electrical pickup from the V4 again arose. Such 
pickup was partly avoided by the electrical shielding of the electrode by the earthed 
animal, and also the relatively low-frequency signals fed to the V4 (either as PID 
feedback signals or as feedforward control signals). In the end it was clear that there 
was no significant electrical pickup from the V4, because no signal was evident when 
the electrode was in fluid with no tip-target contact (see Figure 9.1), or with a tip-
target contact but no injected current supplied to the electrode, and the pilot signal 
did not increase with pilot frequency, as would be expected of electrostatic pickup 
(data not shown). An example of this lack of pickup of V4 electrical pickup is shown in 
Figure 9.4, which also demonstrates the absence of CM due to the pilot movement, so 
that the pilot response was dominated by the resistance modulation of the electrode, 
produced by the pilot displacement at the electrode tip, and was not due to the pilot 
movement mechanically stimulating local hair cells to produce a local pilot CM 
response. Although a small CM response must be present because local OHCs under 

the small-diameter electrode (<2m) would be stimulated by the BM-to-electrode 
movement, such local direct stimulation would not be expected to produce a 
significant CM, because the number of hair cells stimulated would be small relative to 
the wide region of hair cells stimulated by a 200Hz tone (Patuzzi et al., 1989a), given 
that the mechanical longitudinal coupling along the length of the BM is very weak 
(Gummer, Johnstone and Armstrong, 1981). 

9.4.2 Control for absence of pulse CM and electrical pickup from sound system 

Figure 9.5 demonstrates that the baseband signal from the microelectrode 
normally contained no pulse/ventilation CM (no response was seen until a bias current 
was supplied; Figure 9.5A), and was also not due to electrical pickup from the sound 
system: in Figure 9.5B the sound-evoked displacement response was eliminated when 
the sound delivery tube was cut. This absence of electrical pickup from the sound 
system was also supported by the frequency-dependence of the responses: electrical 
pickup would have increased at 6dB/oct at higher frequencies, but in vivo acoustic 
movement fell with an increase in frequency (see later). The nonlinearity of the 
displacement responses for high-amplitude stimuli was also inconsistent with electrical 
pickup, which grows proportionally with electrical drive, and only hard-clips when a 
power supply limit is reached in the amplification chain). Finally, Figure 9.5C shows an 
acoustic displacement response to loud free-field acoustic stimulation from a voice 
within the soundproof room speaking the phrase ‘oooo’, which clearly had no 
electrical artifact associated with it, demonstrating the probe’s acoustic response. 
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Figure 9.4 The pilot movement of the head did not produce a measurable CM response as the BM 
was moved up and down against the stationary microelectrode tip. Here the BM displacement due 
to a 30Hz pilot (320nm) was clearly detectable immediately before and after a CM measurement, by 
supplying a 9kHz AM current injection to the microelectrode, and demodulating to observe both the 
displacement to a 200Hz acoustic tone (122dB SPL) and the displacement to the 30Hz pilot (far left 
and far right), and this AM process eradicated any baseband CM responses that were present. The 
pilot displacement was even clearer after low pass filtering with a moving point average to remove 
the 200Hz component (black traces), and was also obvious in the spectra of the two waveforms 
(immediately above them), where a pilot peak at 30Hz and an acoustic 200Hz peak are evident 
above the noise floor. These recordings clearly establish that the BM was in reliable contact with the 
electrode tip. In between these recordings the 9kHz AC injection current was turned off, and the 
microelectrode operated as a simple microelectrode, measuring CM near the BM (central trace and 
detail immediately above it), with the 200Hz tone on (left half) and off (right half). Unfortunately the 
CM trace was contaminated by ECG. Nevertheless, a CM was clearly visible for the 200Hz tone, but 
there was no CM visible for the 30Hz pilot presented simultaneously. This was confirmed by the two 
CM spectra below the time waveform (left, with 30Hz pilot and 200Hz acoustic tone; right, with 30Hz 
pilot but without the 200Hz acoustic tone). Note the absence of a 30Hz pilot peak in either spectrum. 
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Figure 9.5. (A) Demonstration of the absence of a CM to the ventilation/pulse artefact with 

the electrode tip in contact with the basilar membrane. With no current injection into the 

electrode, no response can be seen in the electrode trace: no CM to the ventilation/pulse 

movements present, but immediately a DC current (+100nA) is injected into the electrode, 

a baseband displacement response can be seen. The slow transient is due to the AC coupling 

of the recording system. (B) A demonstration of the lack of electrical artefact from the 

earbud speaker. With the electrode in contact with the basilar membrane, an acoustic CM 

response can be seen, but the response disappears when the sound delivery tube is cut 

(there is no electrical feedthrough of the 200Hz drive signal). (C) A strong displacement 

response could be evoked with free-field sound with the microelectrode tip in contact with 

the basilar membrane and used in AM mode (which excludes CM). Here the sound ‘oooo’ 

was presented loudly in the sound proof room (which is devoid of an electrical drive signal). 
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9.4.3 Discriminating between CM and displacement responses

  When  measuring  in  the  cochlea  with  sound  stimulation,  the  microelectrode 
registered  both  a  CM  response  and  a  sound-evoked  displacement  response  (i.e.  an 
Ohmic  resistance  modulation).  These  two  contributions  could  be  discriminated  in  a 
few ways: by breaking contact with the vibrating target the BM signal disappeared but 
the  CM  signal  remained; by using  high-frequency current  injection  into  the  electrode 
the BM signal was frequency-shifted to this AM carrier frequency but the CM was not;
by  reversing  the  polarity  of  the  DC  current  injection,  as  described  earlier,  or  by 
interleaving DC current injection with baseband measurement of CM, and subtracting 
the CM contribution from the total response.

  Figure  9.6 shows  an  example  of  the  latter,  where the  microelectrode  was  in 
contact with the spiral lamina during DC current injection, and the baseband CM was 
approximately  20-30%  the  size  of  the  total  displacement  response,  and  in  this  case 
phase-shifted  relative  to  it (see  later).  The  total  response  was  a  combination  of a 
displacement response due to resistance modulation and a distorted CM contribution 
spread electrotonically to the electrode tip. The combination of these two components 
resulted  in slight  distortion  of  the composite electrode  signal  waveform. In these 
cases, the displacement response alone was obtained by subtracting the CM waveform 
without current injection from the total response with DC current injection. Note that 
the sound-evoked displacement signal on the spiral lamina was unexpected, and in this 
case is  thought  to  be  caused  by  a  round  window  artifact observed in  some  animals, 
where  the  round  window  tugged  on  the  shank  of  the  microelectrode  as  it  passed
through the round window, as discussed later.

9.4.4 Controls for structure-borne vibration with acoustic stimulation

  The  appearance  of  some  'anomalous'  sound-evoked  movements  of  supposedly 
immobile targets like the spiral lamina raised the issue of whether it was possible that 
the  skull  or microelectrode  could  have  been vibrated  by structure-borne vibration 
from  the  earbud  speaker  during  sound  presentation. This  could  have  occurred  via 
earbud vibration of the headholder transmitted to the skull (i.e. bone conduction), or 
vibration transmitted  to  the  electrode  tip.  The  typical  ‘standard’  control  for acoustic 
artifact (clamping the sound delivery tube) could not be performed for this technique, 
because  the  act  of  touching  the  animal  or equipment would  move  the  electrode 
contact  and  bias  it  out  of  its  sensitive  range.  Therefore,  several  other  control 
experiments were undertaken. First, electrical capacitive pick up could be excluded by 
simply switching  to  high-frequency current  injection and  the  AM process.  Also, any 
displacement  signal (sound-evoked or pilot) was lost  when the  electrode  lost  contact 
with  a  surface (e.g. Figure 9.1),  excluding  electrical  pick  up. Finally,  if  there  were 
structure-borne  vibration  it  should  be  measurable  on  the  skull. Figure 9.7 shows  the 
absence of sound-evoked vibration on the skull/SCC as measured by the optic probe. In 
the open loop condition (“PID OFF”; Figure 9.7A and 9.7B), no acoustic response can be 
seen, although the optic probe and electrode are clearly both in contact with the skull 
and BM, respectively, as indicated by the presence of pulse/ventilation artefact on the 
electrode and optic probe. Nor was the skull vibrated actively by the PID stabilization 
feedback  (“PID  ON”; Figure 9.7B and 9.7D).  If  skull  vibration  were  transmitted  to  the 
optic contact whisker (or indeed by microphonic action of the whisker itself), then the 
feedback  loop  would  drive  the  skull  with  that  signal,  and  actively  create  an  apparent
acoustic BM movement where none existed. 
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Figure 9.6. In baseband mode the electrode signal included a CM component which added 

to the baseband displacement signal when an acoustic stimulus was applied (in this case a 

200Hz tone at 110 dB SPL). The displacement signal alone can be derived by subtracting the 

CM alone signal (recorded when no bias current is injected through the microelectrode) 

from the composite signal. This subtraction is done here, with the electrode’s composite 

signal labelled ‘electrode’, and the displacement signal (dashed curve) was derived by 

subtracting the microphonic signal (CM) from the composite signal (‘electrode’) to yield the 

‘difference’. While the CM waveform was typical of a basal turn microphonic signal driven 

into partial saturation by the 200Hz tone, in this case the displacement signal was unusual 

in two ways: it was present when the electrode tip was in contact with the spiral lamina 

(which is assumed to be unresponsive to sound), and it was phase shifted relative to the CM 

waveform (which is believed to mimic the basilar membrane displacement). This suggested 

that the microelectrode shank might be driven inadvertently as it passed through a vibrating 

round window (see text). 
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Figure 9.7. The sound applied from the earbud to the ear canal did not produce significant structure 

borne vibration (bone conduction) to the skull. By default, the dominant process of stimulation of the 

cochlea was through the middle ear and stapes, producing pressure fluctuations in scala vestibuli, and 

possibly through the helicotrema to scala tympani (see Discussion). The four examples here (panels A-

D) present recordings from four animals of the voltage across the V4 actuator (upper trace in each 

panel), the skull displacement measured by the low-gain channel of the optic probe (middle trace; 

whisker on semicircular canal) and the displacement of the basilar membrane target measured by the 

microelectrode probe (lower trace). (A) The stabilization was off (flat V4 trace) and the 

ventilation/pulse artifact was dominant on the optic and electrode traces. In the second half of the 

trace an intense 100Hz 110dB SPL tone was presented (as seen on the electrode recording of basilar 

membrane motion), but no sign of it can be seen on the optic trace, indicating that there was very 

little bone-conduction. Note also the drop in the amplitude of the ventilation signal on the electrode 

trace during the tone, due to the nonlinearity of the electrode resistance modulation process (see 

Discussion). (B) As in (A), but with tone on continuously, and half-way through the PID stabilization is 

activated, at which the ventilation artifact on the optic trace is abolished, and the V4 trace shows the  

voltage changes as PID feedback 'fights' the ventilation movements. With or without the PID 

stabilization, there was no evidence of the 100Hz tone in the optic trace of skull movement. (C) PID 

stabilization was off in this case, but a 30Hz pilot stimulation was supplied via the feedforward circuit, 

so that both the ventilation artifact and the pilot movement are evident in the optic trace of skull 

movement. When a 100Hz tone at 100dB SPL was presented half-way through the trace, no evidence 

of it can be seen in the optic trace. The electrode trace shows an incompletely cancelled ventilation 

artifact, a small 30Hz pilot response and vibration to the 100Hz tone. This vibration cannot be seen in 

either the V4 trace or the optic trace. (D) In this case the PID stabilization was on continuously, so no 

ventilation artifact was seen in the optic trace, but its presence was seen in the drive to the V4 as the 

feedback cancelled the movement on the skull. When the 100Hz tone was presented at 110dB SPL, it 

cannot be seen in the optic trace, and there was no sign that the PID feedback was required to cancel 

it. Overall, these and other examples show clearly that there was no significant structure borne 

vibration from the earbud driver to the skull, so that the dominant form of basilar membrane 

stimulation is via the middle ear and stapes to the perilymph within the cochlea. 
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  It was known that the optic probe whisker was microphonic in response to intense 
free field acoustic stimuli in the sound proof room, but the earbud sound was not loud 
in the room. Clearly, this demonstrates the earbud sound level at the optic probe was
below the noise floor of the optic probe.

9.4.5 Dynamic range of electrodes vs.  hair cells

The  fact  that  the  200Hz  CM  saturated  for  sound  levels  more  than  105dB  SPL
(Patuzzi  et  al.,  1989a; Patuzzi  and  Rajan,  1990; Figure  9.3),  but  the  sound-evoked 
displacement  of  the  BM  as  measured  with  the  microelectrode  probe  grew 
proportionally  over  a  much  larger  range  shows  that  the dynamic  range  of  the 
microelectrode  probe  was  much  wider  than  the  dynamic  range  of  the  OHC  MET 
process.  That  the  microelectrode  probe  also  had  a  dynamic  range  wider  than  other
direct BM measurement techniques (e.g. interferometry) is discussed in Chapter 1.

9.4.6 Varying electrode contact and 'pilot’ movements

  Because  of  the  nonlinear  electrode  displacement  transfer  function (see  Section 
7.4), the small-signal sensitivity of the electrode varied with the operating point on the 
transfer  function.  For  this  reason, the calibrated  pilot  movement was  used  as  an 
electrode  displacement ‘scale  bar’.  The  pilot  response  was also  very useful  in  landing 
the electrode on the target: some movement of the target assisted in the identification 
of the touchdown of the electrode tip. It was undesirable to use sound to produce this 
ongoing  target  displacement,  because  continuous  sound  (especially  intense,  low- 
frequency  sound)  could  produce  a  low-frequency  bounce  before  the  electrode  had 
landed,  and/or could  potentially  traumatize  the  cochlea  if  left  on  for  too  long, or 
confuse  interpretation  of  subsequent  results. Residual  pulse  and  ventilation 
movements could  also  serve  as  a  displacement  scale  bar  minute-to-minute, 
recognizing that the amplitude of the pulse artifact slowly decreased over hours as the 
physiological condition of the animal deteriorated over the course of the experiment.

  Pilot  movement  had the  potential  to  intermodulate  with  the  large-signal 
pulse/ventilation  movement  artefacts  (Figure 9.8). Intermodulation  sidebands  of  the 
ventilation  with  the  pilot  can  be  seen  as  spectral  peaks  either  side  of  the  30Hz  pilot
(Figure 9.8, left inset). When an acoustic tone was turned on, the acoustic movement 
was also intermodulated by the pilot and the ventilation movement. This generation of 
sidebands also reduced  the  amplitude  of  the  measured  displacement  at  the  stimulus 
frequency,  and  was  therefore  undesirable. Therefore,  the  amplitude  of  pilot 
movements  should  be  minimized,  particularly with  the  head  un-stabilized, where 
large-signal pulse/ventilation can cause significant ‘jamming’ or modulation.

  For  small  signal  pilot  and  acoustic  movements,  displacements  caused  by  drift  or 
ventilation  modulated  both the  signal  and  the  pilot in  a  linear  manner  (Figure 9.9A). 
This meant that despite changes in electrode sensitivity on the microelectrode transfer 
function,  acoustic  vibration  amplitude  could  be  normalized to pilot  amplitude. 
However, if one or both of the acoustic and pilot movements were not small signal, the 
co-modulation became non-linear (Figure 9.9B and C).

  In vivo the electrode operating point could be modulated by manually moving the 
microelectrode,  or  moving  the  animal  relative  to  the  electrode  with the V4  actuator 
and feedforward  system.  Figure  9.10 shows  the  modulation  of  the  small-signal
electrode  sensitivity  to a  fixed-amplitude  pilot  movement  and sound-evoked  BM
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Figure 9.8. An example of the intermodulation between oscillatory displacement signals 
caused by the nonlinearity of the electrode transfer function. Here the electrode 
displacement response is initially dominated by the ventilation artifact and a 30Hz pilot 
tone (160nmpp). Each of these responses has a first harmonic (f1 and f2) and upper 
harmonics, and intermodulation components (sidebands) at the intermodulation 
frequencies (nf1+/- mf2). This is clearly seen in the inset spectrum to the left, where the 
30Hz peak corresponding to the pilot also shows upper and lower sidebands separated by 
the ventilation rate. Similarly, when a 200Hz acoustic tone was introduced (second half of 
trace), its 200Hz peak is surrounded by intermodulation products produced by interactions 
between the tone, the pilot and the ventilation. The point here is that the displacement 
probes used should be presented at a small displacement amplitude (small signal), so that 
intermodulation due to the nonlinear resistance transfer function is minimized. This 
intermodulation also warns against two-tone interactions in the detection process, where 
a large sinusoidal signal can 'interfere with' or jam a simultaneous signal (as it does in the 
ear), which could lead to misinterpretation of the changes. 
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Figure 9.9. Co-modulation of the acoustic response with the pilot tone during bias of the 
operating point on the electrode transfer function due to either the ventilation/pulse 
artifact, slow drift of the tip-target distance, or inter-modulation between the pilot 
response and an acoustic response. In many cases the amplitude of the acoustic response 
co-varied with the pilot amplitude, but for large amplitudes of either the linearity was 
invalidated. 

A. 

B. 

C. 
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Figure 9.10. An example of simple low-pass filtering to progressively remove higher-frequency 
components of the microelectrode response (sampling rate 2000/s). The slow steps in the first 
half of the trace were produced by the feedforward system under manual control (here 
producing five 1m steps of the animal towards the electrode tip and then back out). The 
underlying light-grey curve shows the raw recording (including the ventilation/pulse artifact, a 
200Hz acoustic response, and a 30Hz pilot movement). By low-pass filtering with a moving-
point average), the higher-frequency components can progressively be removed, revealing the 
slower movements. In the main figure, the raw trace is light grey, dark grey is the trace after 
200-point smoothing (0.1s) which removes the acoustic 200Hz response and leaves the 30Hz 
pilot and the ventilation artifact (see inset), and the black curve is after a further 2000-point 
smoothing (1s) which leaves the very slow responses only, including the manual feedforward 
movements. Note the scale bar of 150nm indicating that after this simple low-pass filtering 
the faster components can be removed to reveal slow movements with a noise floor of a few 
10's of nanometer. 
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movement  when the  electrode  operating  point  was  moved  using  the  feedforward 
system. The  modulation  of  small  signal  electrode  sensitivity  by  the  pilot  movement 
also  served as  another  internal control that  the  pilot  response  was  not  an  electrical
artifact.

  Figure 9.11 shows an example of the growth of the 30Hz pilot movement recorded 
on  the  round  window,  with  a  stepwise  increase  and  then  decrease  of  the  electrical 
pilot  drive  to  the  V4  actuator,  which  increased  and  then  decreased  the  resistance 
modulation  registered  by  the  microelectrode.  The  traces  from  top  to  bottom  were 
bulla  movement  recorded by the  optic probe,  and below that the  causative electrical 
drive  to  the  V4  actuator.  Below  the  V4  drive  are  three  traces  of  the  changes  in 
microelectrode  resistance:  a  raw  resistance  trace  and  two  filtered  traces.  The  raw 
trace shows the pilot oscillation together with ventilation responses, to show only the 
slow  mechanical  drift.  The  lowest  trace  shows  a  high-pass  filtered  version  of  the  raw 
trace, showing the pilot response only. Notice that the slow movements evident in the 
low-pass  filtered  trace  modulate  the  electrode  response  to  the  pilot  movement,  so 
that  the  pilot  amplitude  in  the  lowest  trace  is  not  stable  with  each  step  in  pilot 
amplitude. This was why active stabilization was necessary.

  Figure 9.12 shows  an  example  of electrode  resistance  changes  due  to  a  constant 
pilot  movement  when  the  animal  and  basilar  membrane  were  moved  with

feedforward  1m  steps  away  and  towards  the  BM  target.  Note  that  in  this  case  the 
amplitude  of  the pilot  movement  was  constant  during  the  feedforward  steps  (as 
shown  by  the  thickness  of  the  optic  trace  of  Figure  9.12A),  the  resistance  signal  was 
modulated nonlinearly as the feedforward movement changed the operating point on 
the  microelectrode  nonlinear transfer  curve (Figure  9.12B).  Beyond approximately

3m,  however,  the  modulation  process  was  altered,  possibly  due  to  target  damage. 
The  fact  that  the  resistance did not  return  to  its  original  baseline  level was also 
consistent  with  damage,  possibly  due  to  stretching  of  the  BM  beyond  its  elastic  limit
(see Discussion). We did not routinely move the electrode by more than a few micron 
after  first  contact,  and  so  were  unlikely  to  cause  the  damage  evident  for  the  peak
displacements in Figure 9.12.

9.4.7 Spectral analysis and system noise floor

  While  the acoustic  and pilot  movements could be  easily  seen  in  the  raw  time 
waveform  when  the  displacements  were  of  the  order of  tens  of  nanometer, these 
signals  were  even  more  evident  above  the  noise  floor  in  the  spectrum  of the 
displacement signal, and at even lower pilot amplitudes. In fact, the final displacement 
noise  floor  of  the  microelectrode  probe  was  quite  remarkable.  In  Figure  9.13,  typical 
responses are shown with the electrode tip in contact with the incus (left panels), and

then with the animal lowered 1m away from the tip, using feedforward control. With 
close  target  contact  (left  panels)  the  30Hz  pilot  movement  (160nmpp)  can  be  easily 
seen  in  the  spectrum  (calculated  with  a  5s  data  window),  but  when  the  tip-target

distance  was  increased  by  1m  and  modulation  was  reduced  (right  panels),  all 
responses  dropped  by  about  20dB,  including  the  noise.  This  indicates  that  the  noise 
was dominated by low-frequency movements, not by equipment noise. This noise floor 
corresponded  to  a  displacement  noise  of  about  1%  (-40dB)  of  160nmpp  pilot 
displacement, or 1.6 nmpp. The equipment noise floor was even lower (right panel) at
about  0.16  nmpp,  or  about  the  size  of  a  hydrogen  atom.  Nominally,  then,  the
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Figure 9.11. An example of the growth of the 30Hz pilot movement recorded on the round 
window with a stepwise increase and then decrease of the electrical drive to the V4 
actuator. The traces from top to bottom were (A) bulla movement recorded by the optic 
probe, and (B) the corresponding electrical drive to the V4 actuator; (C) raw trace of 
electrode resistance (including a slow change due to electrode displacement drift), and (D) 
after low-pass filtering to remove the pilot and ventilation movements (moving point 
average over n=2000) to reveal the very slow  movements only; (E) after high-pass filtering 
the raw data to remove the very slow movements and the ventilation artifact, the change 
in the pilot response can be seen. The fluctuations in pilot amplitude during some steps in 
amplitude are believed to be caused by a slow oscillation in the tip-target contact due to a 
resonance at about 0.25Hz in the microelectrode holder/manipulator. 
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Figure 9.12.  (A) Displacement of the animal’s skull monitored by the optic probe as the 

feedforward system moved the skull and therefore the cochlea first away from the electrode 

tip, and then towards it, and then away again in a stepwise fashion (1m steps). The optic probe 

was on the lateral semi-circular canal, and the electrode tip was in contact with the bony wall of 

the cochlea. (B) Changes in the microelectrode resistance as the cochlea wall was moved as in 

A. The electrode tip was already in contact with the cochlea surface at the start of the trace, as 

demonstrated by the drop in resistance as the animal was first moved ‘down’ and then ‘up’. The 

magnitude of the pilot movement of the skull is evident as the thickness of both traces (A) and 

(B) and was 60Hz 300nmpp. Note that although the feedforward displacement in A was accurate 

and stable, the resistance change in (B) did not follow the displacement pattern when the slow 

movements were more than about 3m. With each step closer, the electrode resistance and 

pilot signal were larger (the trace moves up and becomes thicker), but there are signs or 

adaptation or ‘sag’ in the electrode signal. This is particularly noticeable for the step before the 

largest displacement, where the electrode trace sags downward. This was probably due to 

damage of the target surface, and the resistance trace no longer followed the pattern of the 

optic displacement in (A), which is plotted behind the resistance trace in light grey. We did not 

routinely use displacements as large at 3m, and did not routinely go beyond the elastic limit of 

the target surfaces. 
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Figure 9.13. The final displacement noise floor of the microelectrode probe was quite 
remarkable. Here typical responses are shown with the electrode tip in contact with the 
incus (left panels), and then with the animal lowered 1m away from the tip using 
feedforward control. With close target contact the 30Hz pilot movement (160nmpp) can 
be easily seen in the spectrum (calculated with a 5s data window), but when the tip-
target distance was increased by 1m and the resistance modulation was reduced (right 
panels), all responses dropped by about 20dB, including the noise floor. This indicates 
that the noise was dominated by low-frequency incus movements, not by equipment 
noise. This low-frequency noise floor corresponded to a displacement noise of about 1% 
(-40dB) of 160nmpp pilot displacement, or about 1.6nmpp. The equipment noise floor 
was even lower (as indicated in the right panel) at about 0.16nmpp, or about the size of 
a hydrogen atom. Nominally, then, the displacement noise floor of the microelectrode 
technique is better than 0.2nm with a 5s data window, and can be even lower with a 
longer window. 
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displacement noise floor of the microelectrode technique is better than 0.2nm with a 
5s data window, and can be even better with a longer data window. 

Figure 9.14 demonstrates how the noise floor and frequency resolution of the 
technique can be improved by using longer data windows (while also reducing time 
resolution). Here the electrode displacement signal from the basilar membrane was in 
response to a pilot movement at 30Hz (160nmpp) and an acoustic response at 200Hz, 
and the AM resistance signal was recovered by analog demodulation (diode and low-
pass filtering), which then was sampled at 2000/s via the NIDAQ data acquisition card. 
With a relatively short data window (0.5s or n=1000 time samples) the spectral peaks 
produced were broad and the noise floor was high, but as the data window was 
progressively widened to 16s (n=32000) the spectral resolution increased and the 
noise floor lowered (from top to bottom). The middle set of panels shows spectral 
detail at the lower frequencies near the ventilation and pilot frequencies, while the 
rightmost panels show spectral detail around the acoustic probe frequency. As 
mentioned in the text, with a 5s data window (here equivalent to n=10000), the noise 
floor of the technique was already below 0.2nm. The slight peak in the amplitude of 
the noise floor around 260Hz was presumably due to the passive resonance in the 
mechanical system amplifying the environmental noise delivered to the tip target 
contact, through either the V4 and headholder to the cochlea, or through the 
micromanipulator to the electrode. 

Figure 9.15 shows an example of a frequency sweep of the response of the basilar 
membrane at 200Hz (top panels), 100Hz, 40Hz and 20Hz (bottom panels). The spectra 
were obtained with a 5s data window (sampled at 2000/s) and on the left show 
spectral peaks corresponding to the artifactual ventilation movements (below 10Hz), 
the 30Hz pilot movement (160nmpp), and the response to each acoustic tone at the 
frequencies indicated. The panels on the right show details around the tone 
frequencies. Note the absence of intermodulation sidebands around the spectral 
peaks, indicating that the signals were at a sufficiently low amplitude to be small-
signal, and avoid intermodulation distortion. Notice also that the ventilation/pulse 
artifact was also sufficiently small that they too did not produce modulation of the 
pilot, the acoustic tone response, and sidebands. The pilot movement could therefore 
be used during sound stimulation, at a frequency different from the pilot frequency, 
and could even be below the noise floor in the raw waveform. Overall, if both the pilot 
and target vibrations were at sufficiently low amplitudes, there was no 
intermodulation, nor two-tone interference producing false amplitude measurements 
(Figure 9.14 and 9.15). 

9.5 Tuning curves 

Having achieved the necessary stability to measure slow BM displacements in vivo, 
it was apparent that the microelectrode technique also had sufficient displacement 
sensitivity and frequency response for measuring acoustic-frequency movements of 
the BM and middle ear. Unfortunately, this was not the main focus of this study, and 
we were not equipped to measure these higher frequency responses automatically. 
What data we have for tuning curves of the basilar membrane, round window and 
incus can only be considered as preliminary data, until we can modify the experimental 
setup to monitor higher-frequency responses automatically. 
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Figure 9.14. The noise floor and frequency resolution of the microelectrode technique can 
be improved by using longer data windows (while also reducing the time resolution). Here 
the electrode displacement signal from the basilar membrane was in response to a pilot 
movement at 30Hz (160nmpp) and an acoustic response at 200Hz, and the AM resistance 
signal was recovered by analog demodulation (diode and low-pass filtering), which then 
was sampled at 2000/s via the NIDAQ data acquisition card. With a relatively short data 
window (0.5s or n=1000 time samples) the spectral peaks produced were broad and the 
noise floor was high, but as the data window was progressively  widened to 16s (n=32000) 
the spectral resolution increased and the noise floor lowered (from top to bottom). The 
middle set of panels shows spectral detail at the lower frequencies near the ventilation 
and pilot frequencies, while the rightmost panels show spectral detail around the acoustic 
probe frequency.  As mentioned in the text, with a 5s data window (here equivalent to 
n=10000), the noise floor of the technique was already below 0.2nm. The slight peak in 
the amplitude of the noise floor around 260Hz was presumably due to the passive 
resonance in the mechanical system amplifying the environmental noise delivered to the 
tip-target contact, through either the V4 and headholder to the cochlea, or through the 
micromanipulator to the electrode.. 
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Figure 9.15  An example of a frequency sweep of the response of the basilar 
membrane at 200Hz (top), 100Hz, 40Hz and 20Hz (bottom). The spectra were 
obtained with a 5s data window (sampled at 2000/s), and on the left show spectral 
peaks corresponding to the artifactual ventilation movements (below 10Hz), the 30Hz 
pilot movement (160nmpp), and the response to each acoustic tone at the 
frequencies indicated. The panels on the right show details around the tone 
frequencies. 
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  In any case, as discussed above and in Chapter 7, the displacement measurements 
presented  here  were  most  often  achieved  by  high-frequency  (9kHz)  current  injection 
so the microelectrode operated in AM mode, and less often with DC current injection 
so  the  probe  operated  in  baseband  mode  (with  CM  contamination,  but  wider 
bandwidth).  Tuning  curves  could  also  be  obtained  either  open-loop,  without  the 
difficulty  of  landing  the  optic  probe  and  electrode  simultaneously,  or  with  far  more 
effort with head stabilization. In either case, correction for electrode sensitivity (due to 
operating  point  changes)  could  be  done  by  using  pilot  movement  provided  by the 
feedforward  circuitry  as  a  fixed-amplitude  movement  scale  bar.  Figure  9.16 
demonstrates the linearity of the movement produced by the V4, as measured by the 
optic probe,  for  V4  over  a  1000-fold  range,  at  both 30Hz  and 100Hz,  in five  different 
animals. This  indicates  that  the  V4  head  movement  accurately  followed  the  voltage 
command provided to it, and the stiffness of the brass stiffness plate of the V4 had an 
impedance so much higher than that of the head, that there was little doubt that the 
pilot movements were as commanded (they were also monitored with the optic probe
in any case).

9.5.1 BM tuning curves

  The  microelectrode  indeed  proved  to  be  extremely  sensitive  to  acoustic 
movements in the cochlea, to the extent that we were able to measure displacements 
to  much  lower  frequencies  available  to  other  authors.  Surprisingly,  we  routinely 
observed  larger  movements  below  100Hz  than  expected  from  other  studies. 
Comparison  of  cochlear  and  incus  tuning  curves  from  other  studies  using  other 
techniques  is  discussed  in  more  detail  in  Chapter  10.  Note  that  the  differences 
between  the  displacements  we  have  measured  and  those  of  previous  studies  are 
unlikely  to  be  due  to  a  low-frequency  hypersensitivity  of  the  probe,  because  the 
frequency  response  of both the  V4  actuator, the  optic probe  and  the  microelectrode 
technique were flat from at least DC to 400Hz (Figure 7.21).

  Figure 9.17A shows an example tuning curve in one animal, in which tuning curves 
were  obtained  from  both  the  lamina,  BM,  RW,  and  also  CM at  the  electrode. The 
curves  were  not  normalized to  a  fixed dB SPL  sound  level,  in order  to  rule  out  issues 
with sound system that could otherwise explain the anomalous rise in movement with 
decreasing tone frequency. As  can  be  seen in  Figure  9.17A,  the  CM  amplitude 
decreased with decreasing  frequency  as  expected. Displacements are expressed here 
normalized to the amplitude of the pilot movement (the number indicated next to the 
label  was  the  spectral  pilot  amplitude,  expressed  in mV units,  and  indicate  that  the 
pilot  response  was  ‘healthy’  throughout). As  expected,  sound-evoked  lamina 
movement  was  within  the  spectral  noise  floor  (which  rose at  low  frequencies  due  to 
pulse/ventilation movements), despite the good target contact, indicated by the large- 
amplitude  30Hz  pilot  response. While  the  drop  in  CM  sensitivity  at  low  frequencies 
were expected, the displacement response on the BM was much larger than expected, 
and rose at lower frequencies. Note that both the lamina and BM tuning curves were 
obtained in AM mode, which did not suffer from contamination by CM. The RW tuning 
curve,  on the other hand, was obtained with DC current injection, which does have a 
CM  contribution  under  some  circumstances,  as  discussed  earlier. Unexpectedly, the 
roll-off  of  the  RW  tuning  curve  at  low frequencies  did  not  follow  that  of  the  CM, 
consistent  with at  least some  displacement  contribution to  the  baseband  signal,  at
least at low frequencies. The RW tuning curve was measured explicitly because we had
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Figure 9.16. Movement of the V4 actuator as measured by the optic probe was proportional to 

the command voltage fed to it. The high stiffness of the actuator with its brass stiffening plate 

also meant that the movement of the animal’s skull was proportional to the drive voltage too. It 

is highly unlikely, then, that changes in the pilot displacement response was due to actual changes 

in pilot head movements, but would have been due to changes in the electrode/target contact 

and its resistance. 
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Figure 9.17. (A) Displacement iso-input tuning curves obtained from the spiral lamina, the basilar 

membrane, and the round window in a s ingle animal (the fixed input in this case was a fixed 

electrical drive to the earbud speaker of 80mVpp). Also shown is a C M iso-input tuning curve from 

the same animal. The earbud drive in this case was also at 80mVpp which was sufficiently low to 

ensure that the outer hair cells in the base were in their linear region. To aspects of the data were 

that the response from the lamina was in the measurement noise floor (which was higher at very 

low frequencies because of the ventilation/pulse movement artefact). This null response form 

the lamina was observed even though the pilot response on the lamina was very s trong, verifying 

the good contact between the lamina and the electrode tip. The other s triking feature in the data 

is the separation of the microphonic tuning curve and the basilar membrane tuning curve at the 

lower frequencies. It is normally reported that the C M is a faithful measure of BM movement in 

the base at low frequencies. The response from the round window was recorded with the 

electrode probe in baseband mode so there was some contamination of the electrode signal with 

C M, but even so the round window response did not follow the C M tuning curve at low 

frequencies, but rose as frequency fell, suggesting that at these frequencies the displacement 

response dominated the C M contamination, consis tent with the growth of B M vibra tion at low 

frequencies. (B) Pooled basilar membrane tuning data from three animals, corrected for ear canal 

sound pressure. While there is a great deal of scatter across the dataset, it is s till clear that the 

responses rise with falling sound frequency, rather than falling as the C M does (as we and others 

have observed). 
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observed a sound-evoked response with the electrode tip on the spiral lamina, where 
we  had  expected  no  signal,  and  so  it  was  thought  possible that  sound-evoked  RW 
movement may pull on the electrode shank and modulate the electrode tip contact on 
the  BM. This  ‘anomalous’  lamina  response  was not always the  case.  In some  animals 
there  was  no  displacement  response  on  the  lamina,  even  though  the  electrode  was 
through the round window. Figure 9.17B shows other tuning curves from three other 
animals,  again  not  normalized  for  sound  level  but  for  fixed  electrical  drive  to  the 
earbud,  and  these  data  show  an  obvious  and  unexpected  increase  in  measured 
displacement  with  decreasing  frequency  when  compared  with  previous  studies. 
Importantly, this pattern was not seen in one animal (black squares in Figure 9.17B) in 
which the round window was successfully removed as a control for ‘the round window 
tug’ idea. The BM tuning in the animal appeared to rise at about 6dB/octave, similar to 
typical  CM  tuning  curves.  Figure  9.18  presents  the  same  data  from  three  animals
(Figure 9.17A) normalized for 100dBSPL sound level, which shows greater scatter, but
again there is an evident increase in sensitivity at low frequencies.

9.5.2 Incus tuning curves

  Figure  9.19 shows an  example  of  a  frequency  sweep  obtained  with  the 
microelectrode  in  contact  with  the  incus.  The post  mortem time  waveforms  are  raw, 
unfiltered time  waveforms  of  the  movement  of  the  incudo-stapedial  joint.  In  the  top 
left  panel,  the  electrode  tip  was initially  in the  air  just above  the  incus, but  was then 
lowered manually to contact the incus, at which the resistance modulation due to the 
incus  pilot  movement  (30Hz  160nmpp)  was  observable  as  the  sinusoidal  oscillation. 
Note  also  that  the  traces  were  AC  coupled  (by the  soundcard recording the  data),  so 
that abrupt resistance step on first contact produced an upward transient and then a 
recovery  to  baseline.  Thereafter,  acoustic  stimuli  were  presented  at  200Hz,  100Hz, 
40Hz,  20Hz  and  10Hz  at  the  levels  indicated,  with  the  final  response  as  a  return  to 
pilot-only  stimulation.  These  responses  are  evident  in  the  corresponding  spectra 
presented  immediately  below.  In  presenting  tuning  curves,  such  acoustic  responses 
are  corrected for  any  changes  in the  pilot  response (which  was  not  required  here,  as 
indicated  by  the  overlying  spectral  peaks  for  the  pilot  displacement  at  30Hz).  All  of 
these displacement signals were obtained with AM current injection, and therefore are 
free of CM contamination.

Figure  9.20  shows  the  frequency  response  of  the in  vivo incus  movements
(normalized for sound stimulation at 100dBSPL). These results demonstrate the utility 
of  the  microelectrode  displacement  probe,  including  its  convenience,  its  stability  and
its extraordinary signal to noise ratio at low frequencies.

9.6 In vivo results with and without stabilization

  While  the  PID  stabilization  system  worked  extremely  well  for  pseudo-DC  drift in 
vivo, and could reduce artefacts by 100-fold up to 30 Hz (i.e. approximately the tenth 
harmonic of the pulse), the ability of the PID stabilization to reduce the pulse artifact 
itself measured in vivo with the electrode was variable. The optic traces in Figures 9.21 
and  9.22 demonstrate  the  stabilization  feedback  loop  was  effective in nulling the 
pulse/ventilation  movement  as  measured  by  the  optic  probe.  However,  residual 
pulse/ventilation  remained  in  the  electrode  trace  (Figure  9.21A  and B  and Figure 
9.22B). This was not due to changes in electrode small-signal sensitivity caused by step
animal movements when the stabilization was turned on. When we controlled for this
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Figure 9.18 Pooled data of basilar membrane displacement versus sound frequency from 

three animals, corrected for 100dB SPL. One set of data (black squares) was obtained at the 

end of an experiment after the round window had been (indelicately) removed with a fine 

pin. Note that the sensitivity at low frequencies observed in other data is absent, and in this 

one set of recordings the displacement rose with sound frequency, suggesting a possible 

round-window artifact when the round window remains (see text). 
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Figure 9.19. An example of a frequency sweep obtained with the microelectrode in 
contact with the incus. In the top left panel, the electrode tip was initially in the air 
just above the incus, but was then lowered manually to contact the incus, at which 
the resistance modulation due to the incus pilot movement was observable as the 
sinusoidal oscillation. Note also that the traces were AC coupled (by the soundcard 
recording the data), so that the abrupt resistance step on first contact produces an 
upward transient and then a recovery to baseline. Thereafter, acoustic stimuli were 
presented at 200Hz, 100Hz, 40Hz, 20Hz and 10Hz at the levels indicated, with the 
final response as a return to pilot-only stimulation. These responses are evident in 
the corresponding spectra presented immediately below. In presenting tuning 
curves, such acoustic responses would be corrected for any changes in the pilot 
response (which was not required here, as indicated by the overlying spectral peaks 
for the pilot displacement at 30Hz). 
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F igure 9.20.  Scatter plot of low-frequency incus tuning, with data pooled from 

repeated measurements in two animals from multiple electrode contacts. The data 

have been normalized to the displacement amplitude at 400Hz (mean displacement 

of 135nm rms). C learly displacements rise as frequency falls , at about 6dB /octave 

(dashed line of 20dB /decade), which is inconsis tent with the previous measurements 

of others (albeit with less sensitive techniques that were often velocity-coupled, so 

that their measurements were near their equipment noise floor at these 

frequencies). This rise in displacement amplitude we have observed was similar in 

measurement of the basilar membrane (F igure 9.17), and cannot be explained by an 

increase in the sensitivity of the microelectrode displacement probe at lower 

frequencies. As described in Chapter 7 (F igure 7.21), the frequency response of the 

microelectrode resis tance modulation was flat from DC  to 500Hz, at leas t when 

contacting a synthetic (tape) target. We have also excluded other possible artifacts 

from contributing to the electrode response including electrical feedthrough and 

structure borne vibration (see text). We discuss other possible explanations in the 

Discussion section. 
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by pre-biasing the PID set-point above and below the optic probe open loop level, the 
PID nulling was unchanged (data not shown). It may appear from Figure 9.21A that the 
small-signal  electrode sensitivity  does  increase  when  the  PID  stabilization  was  turned 
on, but in fact the increase in electrode pilot movement was real, as seen in the optic 
trace.  This  was because  of poor nulling  of  the  feedforward  signal at  the  input  to  the 
high gain optic amplifier: as mentioned in Chapter 6, the feedforward signal had to be 
subtracted from the input to the high-gain optic error amp, so that the PID stabilization

would not null out feedforward command movements (1m step movements, and AC 
pilot  movements). Small  errors  in  the  nulling  of  the  feedforward  signal  at  the  optic 
high  gain  input  could  cause  the  pilot  movement  to  be  partially  nulled  out  and 
therefore  smaller  when  the  PID  feedback  was  turned  on  (e.g.  Figure  9.21B). If over- 
nulled, the pilot amplitude would slightly increase (Figure 9.21A). This was not an issue 
as far as calibration of the pilot movement was concerned, because the pilot amplitude 
was always monitored simultaneously with the high gain optic (which had nulling) and 
the  low  gain  optic,  which  did  not  have  any  feedforward  nulling  at  its  input,  and 
therefore provided a true indication of the actual SCC displacement.

  Unfortunately, we  cannot say whether  the  residual  movement was pulse  only, or 
pulse  and  ventilation,  because  the  ventilator  was  synchronized  to  the  pulse  to 
minimize  the  pulse  artefact  on  the  bulla  (see  Chapter 4). It  is  entirely  likely  that  real 
pulse movements of the BM and/or RW occurred towards the end of the experiments 
here,  because  in  animals  in  poor  condition,  real  pulse  movements  of  the  BM  can  be 
seen from pulse bias of the CM operating point (data not shown).

  Figure  9.22A shows an  example  of  PID  stabilization  successfully  eliminating  the 
pulse/ventilation artefact on the BM in one animal, during a continuous acoustic tone. 
The sound-evoked BM movement clearly remains on the BM after the PID stabilization 
was turned on. Figure 9.22B shows another example of acoustic movement of the BM 
remaining  after  the  PID  stabilization  was  turned  on,  except  in  this  case  the
pulse/ventilation artefact on the BM was not fully nulled.

9.7 A low-frequency bounce in a compromised animal

  Figure 9.23E-G show an example of a long-term PID-stabilized measurement of BM 
displacement, including responses to intense low-frequency tones, (the intended focus 
of this study). Figure 1.5 of Chapter 1 is included to provide context (Figure 9.23 A-E). 
Data  from  this  study  (Figure  9.23  E-G)  were  obtained  with  9kHz  current  injection
(40nApp),  envelope-detected  to  reconstruct  the  baseband  DC-coupled  signal.  1000 
point central-difference operator smoothing was applied to the trace  (black line): the 
30Hz pilot in this case  was 16nm, which was near  the raw noise floor of about  10nm 
equivalent  (Figure  9.23E,  light  grey  line).  A  slow  decrease  in  the  electrode  signal  of 
700nm equivalent over 30 minutes is indicated by the grey dotted line in Figure 9.23F. 
It is clear from the un-stabilized sections of the trace (marked “PID OFF”) that the drift 
of  the  measurement  system  without  stabilization  was  approximately 700nm/30  min. 
Figure 9.23G shows the same data, corrected for the slow monotonic baseline change. 
Oscillatory  BM  movements  can  be  clearly  seen  during  and  following  presentation  of 
the intense low-frequency tones (black bars) of 200Hz 116 dB SPL, 200Hz 116 dB SPL, 
1.6kHz 92  dB  SPL,  and  200Hz  116  dB  SPL.  These  slow  oscillations  were  present,  even 
though  the animal  (#200117)  was  not  in  good  condition  at  this  stage  of  the 
experiment. The round window had also been removed in this animal prior to this run,
to avoid possible movement artefacts from the round window (see later). 
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Figure 9.21  Two examples of the ability of PID feedback to reduce the ventilation and 
pulse artifacts on the bulla (upper traces measured by optic probe) and on the basilar 
membrane (A) or on the round window (B). Note that the PID feedback completely 
minimizes the bulla movement, but its ability to reduce the artifacts varies: in (A) 
there is almost complete removal of the ventilation artifact, but in (B) the artifact is 
only reduced by about 50%. Note also that the pilot response (here at 30Hz can 
increase or decrease with activation of the PID feedback, depending on the quality of 
the nulling procedure. The pilot increased in (A), but reduced slightly in (B). This 
change in the pilot with activation of the stabilization does not impair the calibration 
procedure, because the low-gain optic signal had no feedforward nulling input, and 
faithfully registered the displacement presented to the optic probe, without any 
nulling adjustment. 
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Figure 9.22 (A)  As for Figure 9.21, but without a pilot signal present. The activation of 
the stabilization process ("PID on") produced a sharp oscillatory transient, but then 
complete nulling of the bulla movement (which was the variable being nulled by the 
PID feedback). The ventilation and pulse artifact was also nulled effectively at the 
basilar membrane too, as measured by the microelectrode probe, leaving behind a 
200Hz acoustic response, cleaned of ventilation artifact. (B) As for (A), but here with a 
more intense 200Hz acoustic stimulation, complete removal of ventilation/pulse 
artifact on the bulla, but an unsuccessful removal of the ventilation/pulse movement 
on the basilar membrane. 
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Figure 9.23.  Reproduced from Figure 1.5, a comparison of the drift and artifact problems in all 
comparable studies of slow basilar membrane movements. All traces have the same vertical 
and horizontal scales, except for the lower two.  (A). Results from Le Page (1989) who used the 
capacitive probe technique to monitor basilar membrane movements in the guinea pig basal 
turn, without control measurements from the skull. These early results were clearly hampered 
by slow drift, respiratory movements and pulse movements of the whole head (the sample 
shows about half of the entire Le Page trace). (B) Later results from Cooper (1999) who used 
heterodyne laser interferometry, showing improved respiration and pulse artifacts, but also 
suffering from drift which moved the instrument outside its dynamic range within seconds (the 
trace here is the longest ever reported by Cooper and is only a few seconds long. (C) Results 
from this study without head stabilization and using the standard veterinary respirator, 
showing ventilation and pulse artifacts similar to those of Cooper. (D) Later results from this 
study using the new ventilator, improved headholder and active stabilization. Without 
stabilization the ventilation and pulse artifacts were already better than Cooper, and with the 
activation of the PID stabilization the artifacts were reduced significantly, in both the skull 
movement (upper trace) and the electrode detection of basilar membrane movement (lower 
trace). The high-frequency signal on the lower BM trace was due to acoustic stimulation at 
200Hz that was not present in the bulla movement, and was not removed by stabilization. (E). 
With improvements in all components of the measurement and stabilization equipment, the 
noise floor, sensitivity, drift and artifact reduction improved to the point where slow 
movements of the basilar membrane could be recorded reliably over many minutes. Here the 
trace is nearly 30 minutes long. Grey trace is the displacement response with acoustic stimuli 
and residual ventilation artifact included, while the black curve is the same data with these 
faster movements removed with low-pass filtering. Many of these slow movements were not 
low-frequency noise or drift, but were very slow displacements evoked by acoustic stimulation 
(as indicated). It is not yet clear whether these movements (some of which were oscillatory) 
were related to the low-frequency bounce phenomenon which was one of the main focuses of 
this study. (F). The same data as (E), but expanded vertically to emphasise the sound evoked 
changes. (G) As for (F), but after removal of the slow drift component as described in the text. 
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10 General discussion 

Development of the probes described here required many innovations: 

(a) improvement in the vibration isolation of our experimental setup; 

(b) development of a skull movement system with a noise floor, dynamic range and 
bandwidth to allow active stabilization of the skull; 

(c) development of an optical probe to detect artifactual skull movements relative to 
our BM probe (due to thermal expansion, room vibration, ventilation and pulse etc.) 
The final probe design had a wide bandwidth (50kHz), and a very low noise floor 
(raw noise floor near 1nm without filtering or averaging); 

(d) use of the high-quality optical probe to allow PID clamping of the skull movement, 
allowing us to monitor movements within the cochlea in a pre-stabilized head; 

(e) development of a new respirator to reduce ventilation artifacts, and partial 
feedforward cancellation of pulse movements with ventilation movements; 

(f) development of a feedforward (open loop) electronic system to land the probe on 
the basilar membrane, and move it back and forth with tens of nanometer 
resolution while the head position was actively clamped by PID feedback; 

(g) development of a new type of displacement probe for use on the BM, based on a 
microelectrode blocking on the BM surface. The bandwidth of this probe was much 
wider than expected (above 15kHz), and after all of our work to reduce noise in the 
equipment and in the electrodes themselves, it works under perilymph with 
nanometer resolution; 

(h) development of an assembly to control the distance between the optic skull probe 
and the electrode BM probe, allowing the landing of both within their dynamic 
ranges; 

(i) development of the software to control, measure and analyze the displacements. 

Each of these developments and our measurements with the new technique are 
discussed in this section, after a brief discussion of previous attempts at head 
stabilization and the use of electrode resistance as a displacement probe. 

10.1 Previous active stabilization 

DC-coupled displacement measurement with active stabilization has been 
described previously in the neuroscience literature, and these studies have been 
concerned with stabilization of glass microelectrode recordings in vivo. These 
techniques are more tolerant of vibration and drift than our measurements within the 
cochlea: because of the lateral compliance of the microelectrodes used to measure 
neural responses, the size of the cells (for intracellular recordings), and (for 
extracellular spike recordings) because only the frequency/number of spikes are of 
interest, and not the spike amplitude or shape. For example, stabilization within 5-
10µm is sufficient to hold sharp intracellular microelectrode recordings in head-fixed 
running rats for up to 4 minutes (Fee et al., 2000). Fee used laser interferometry with a 
reflector mounted on the skull to monitor skull displacement of head-fixed rats 
running on a treadmill, from which brain motion was inferred. The electrode was 
moved by a piezoelectric (piezo) actuator to compensate for inferred brain motion, 
and this active stabilization reduced spontaneous skull movements from 20-30µm to 
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less than 5-10µm for periods of up to 4 minutes (i.e. almost a 4:1 reduction). Net skull 
movements greater than 5-10µm resulted in loss of intracellular recording. It is likely 
that the performance of their stabilization system was limited by the lack of sensitivity 
of the displacement sensor, and by the hysteresis of their piezoelectric actuators 
moving their electrode. In that study, the ~25% hysteresis of the piezo actuator was 
partially linearized using a linear variable differential transformer (LVDT, also known as 
a differential variable reluctance transducer or DVRT). However, the LVDT correction 
mechanism itself suffered from approximately ±1µm hysteresis (Microstrain, 
datasheet). LVDTs have also been used to directly measure physiological pulsatile brain 
movements in vivo, albeit open loop, without active feedback stabilization (Gilletti and 
Muthuswamy; 2006). Overall, the ±1µm hysteresis and limited sensitivity (maximum 
'resolution' 300nm; Lord Microstrain data sheet, 2013) indicated that LVDT technology 
would be inadequate for the skull displacement measurement in the present study. 

Similarly, in atomic force microscopy (AFM), active feedback stabilization of stage 
displacement over minutes is also required, not only to minimize image distortion 
caused by thermal drift during image scanning (more commonly referred to as ‘creep’ 
in the AFM literature), but also to linearize the hysteresis of piezo actuators typically 
used to control specimen position. Techniques used to monitor AFM drift include laser 
reflectometry and LVDT (see above). In addition, slow drift in AFM has also been 
avoided by employing fast scanning rates that ‘outrun’ any drift. Overall, we concluded 
that short duration measurement (as in AFM) was not an option, and that the limited 
movement and hysteresis of piezo actuators and LVDT devices meant that they were 
also not suitable for our purposes. 

10.2 Previous electrode probes 

As far as we know, electrode resistance has been used as a movement sensor once 
previously, as part of feedforward stabilization for intracellular recordings in the brains 
of anaesthetized animals (Fee, 2000). That method involved detecting the beginning of 
a pulse or breath (using ECG and respiratory pressure measurements as triggers), and 
moving the electrode (mounted on a piezoelectric manipulator) with a pre-determined 
(feedforward) movement, intended to be the opposite to the brain movements due to 
pulse or ventilation. To determine the required feedforward movement, Fee measured 
the electrode resistance by injecting DC current into the electrode with the electrode 
blocking on a cell surface within the brain, near the target tissue. Simultaneous 
measurement of ECG and respiratory pressure showed that electrode resistance was 
indeed modulated by, and approximately proportional to, pulse and ventilation brain 
movements. To generate the corrective movements, Fee used the ECG and respiratory 
pressure signals themselves, fed through a filter (finite impulse response, or ‘FIR’ filter) 
to generate the drive signal to the piezoelectric manipulator. The filter coefficients 
were calculated in the frequency domain, by taking the spectrum of 2-4 second-long 
fragments of ECG, respiratory pressure and electrode resistance. Once this routine was 
completed, the feedforward stabilization could be turned on, and the electrode 
advanced into a target cell. In this way, an 80% reduction in pulse and ventilation 
movement artifacts were achieved in the electrode measurements in anaesthetized 
animals, which was sufficient for intracellular recordings over minutes, with a 

remaining pulse residual movement of 0.75 to 1m, clearly visible above the resistance 
measurement noise floor. 
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The sensitivity of Fee’s resistance measurement was 5-6.6MOhm/um, using 80-
150MOhm electrodes, which represents a sensitivity of 3.33% resistance change per 

um at best, with a noise floor of approximately ⅓ to ½ m. Our system, on the other 
hand, has a sensitivity of ~10% resistance change per um, with a raw measurement 
noise floor of <10nm. It is clear that our resistance probe and stabilization process 
outperformed that of Fee, probably because his was limited by (i) the poorer SNR of 
their resistance measurement instrumentation and (ii) the limited high-frequency 
response of their feedforward system. Specifically, Fee used a low amplitude of the DC 
current injection (1nA). By Ohm’s law, 1nA through the ~100 MOhm electrodes results 
in 100mV potential difference. An increase in current injection magnitude would have 
increased their SNR proportionally, provided that the resulting current density did not 
increase the noise floor per se. The SNR of the pulse and ventilation ‘template’ 
movement could also have been improved by increasing the duration of the 2-4 
second long samples of resistance, ECG and ventilation: the longer the duration of 
Fee’s samples of resistance, ECG and respiratory pressure, the better the SNR of the 
derived spectra used to set their feedforward filters. However, this method of 
recording one long continuous time waveform and then taking the FFT (instead of 
averaging each pulse waveform) would have required that the pulse and ventilation 
remained stable, not varying in amplitude, waveshape or timing. 

As for improving the high-frequency response of their compensation system, the 
sharp residual pulse movements evident in their recordings may have been due to (a) 
delayed onset of the pulse-nulling movement, or (b) high-frequency components 
present in the pulse artifact that were absent in the pulse-nulling movement.Delayed 
onset of the pulse-nulling movement could have been produced by digital delays in 
their DSP filter. High-frequency components may have been missing from the pulse 
feedforward movement because the bandwidth of the DSP or the piezoelectric 
actuator was less than the bandwidth of the pulse movement itself. The high 
frequency pulse movements may also have been missing because those high-
frequencies were not present in the ECG waveform used (due to over-filtering), which 
served as the input to the filter from which the nulling movement was produced. 
Indeed, a sharp waveform such as ECG does not contain very much first harmonic in 
the first place. 

Despite the above limitations, Fee (2000) reported that his feedforward method 
provided sufficient stabilization for intracellular recordings, although recording 
duration in any given cell was not reported. A limitation of feedforward stabilization in 
general is that it can only null predictable, repetitive movements: feedback 
stabilization is required for spontaneous movements (such as occurs in awake, 
ambulatory animals) or for slow drift between the electrode and the target. It is 
inevitable, then, that slow drift over tens of minutes must have occurred in Fee’s 
study, but drift was implicitly compensated in a number of ways: (a) the electrode was 
moved manually from cell to cell; (b) the gain of the piezoelectric manipulator 
controller was manually adjusted; and (c) they routinely recalculated the feedforward 
filter coefficients and electrode transfer function. This process was acceptable for 
intracellular recordings in their case, because their intracellular recording needed only 
to be held for a few minutes. Also, the stability requirements for an intracellular 
recording are less than that of the present study: the electrode tip need only remain 
inside the cell body (diameters of the order of µm), and intracellular electrodes are 
often ‘whippy’ and compliant at the tip, so that they can move within the target tissue. 
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10.3 Mechanism of resistance modulation at the electrode tip 

While we have characterized some aspects of the electrode-surface contact here, 
an exhaustive investigation of the mechanisms of electrode blockade at the tip was 
beyond the scope of this study, and was not of primary importance in the present 
context because we had an empirical calibration process of both electrode resistance 
(via the 20kOhm test resistor) and target displacement (via the optic probe and the 
pilot head movement). The following paragraphs discuss briefly what is known from 
the fields of surface electrostatics, materials science and atomic force microscopy that 
may be applicable to the electrode resistance modulation process employed here. 
Understanding the mechanisms may be relevant to choosing the optimal electrode 
geometry, and improving the frequency response of the detection process. It is 
possible that by such changes the technique’s sensitivity and dynamic range could be 
adjusted to suit different measurement tasks. 

10.3.1 Variable tip resistance dominates nonlinearity on the BM 

Implicit in Chapter 7 and the above discussion is the assumption that the dominant 
nonlinearity in the resistance-displacement transfer function is the variable resistor at 
the microelectrode tip, whereby the resistance rectifies in the direction of greater 
microelectrode-tip contact.  This would not be the case if the microelectrode tip were 
mechanically loading the BM as it came into contact (i.e. with movement of the BM 
towards ST). Our results indicate that the rectification of the resistance waveform is 
not consistent with mechanical loading of the BM by the increased electrode contact. 
If BM movement were more limited as the BM moved closer to the microelectrode, 
the resistance trace would be flattened for BM excursions towards ST. Rather, the data 
show flatter resistance waveforms for movements towards SV, which is consistent with 
reduced electrical resistance at the electrode tip. 

10.3.2 Micropipette electrode conduction modes 

There are known to be three modes of conduction through a glass microelectrode 
tip: (a) bulk solution conductivity, (b) double-layer conductivity, and (c) conduction 
through the glass wall at the tip. Conduction through the wall at the tip can also be 
considered as a subset of double-layer conduction (Schanne et al., 1968). These three 
modes occur simultaneously in any electrode, but double layer conduction will only 
dominate when the tip opening is very small and the electrode filling solution of low 
concentration (Krischer, 1969). It is most likely that bulk-solution conduction 
dominated in the large-tipped 5MOhm electrodes used here. 

Bulk solution conductivity is the dominant mode when salt concentrations are high and 
tip diameters are large, and involves cations and anions moving through the fluid of 
the electrode tip (Krischer, 1969). If bulk conductivity dominates, the current voltage 
curve of the electrode will be linear, so the electrode is simply Ohmic (Krischer, 
1969). 

Double-layer conduction occurs as a result of a membrane-like conductivity along the 
double layer of surface charge on the glass, previously described as a ‘plug of 
exclusive cation conduction in the opening’ by Krischer (1969). When glass is exposed 
to an ionic solution, a charged layer of cations forms on the surface inside and 
outside of electrode, attracted by the negatively charged glass surface. The glass 
surface becomes negatively charged when exposed to water, because water 
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penetration into the glass (‘hydration’) mobilizes and leaches cations from within the 
glass structure, leaving behind a negatively charged surface (Holland, 1964). Cations 
in the filling solution are attracted to the negatively charged glass, forming a layer of 
cations that exclude anions that would otherwise balance the charge layer. The 
double layer therefore forms a charged surface, allowing conduction of ionic charge 
in parallel to the bulk solution conductivity through the tip (this is a bit like the 
function of a field effect transistor near its gate electrode). The charge density and 
thickness (‘Debye length’) of the double layer are determined by the surface 
potential of the glass, which is in turn determined by the zeta potential of the glass. 
Borosilicate has a low surface potential compared to other commonly used electrode 
glasses (see Holland, 1964). Double layer conduction contributes a significant 

proportion of electrode tip conduction only in very dilute solutions (i.e. <40M) 
and/or small tip diameters (<100nm; Schanne et al., 1968). This is because a) in very 
dilute solutions, bulk conductivity is low, and b) in small diameter tips, the double 
layer thickness (‘Debye length’) becomes an increasingly large proportion of the total 
cross sectional area of the electrode tip opening. Otherwise, the double layer can be 
modeled adequately as a conducting layer without thickness, and with a constant 
resistivity independent of filling solution concentration (Plamondon and Gagne, 
1980). Indeed, double layer thickness is proportional to the square root of filling 
solution concentration. In physiological saline, this amounts to a double layer 
approximately 1 nm thick. If the double layer conduction dominates in an electrode, 
the electrode will have a rectifying current-voltage relationship (Krischer, 1969). 

Conduction through the wall at the tip is also possible. At the very tip of the electrode, 
the glass wall is only a few glass structural units thick (Gagne and Plamondon, 1987). 
This area becomes highly hydrated, with complete penetration of water molecules 
through the entire wall, leading to a large decrease in the resistivity of the glass. It 
has been shown that for sharp microelectrodes, this highly hydrated, conductive 
glass region is limited to within ~500nm of the tip opening (Gagne and Plamondon, 
1987). Authors have disagreed as to whether the conduction was through the wall or 
due to increased double layer conduction in the highly hydrated region (Agin, 1969; 
Lavallée and Szabo, 1969). Although electrode behaviour can be adequately modeled 
assuming the latter, it should be assumed that current can leak through the electrode 
wall within a few tip diameters of the electrode tip (Gagne and Plamondon, 1983). 

 Overall it is most likely that the conductivity of the bulk solution dominated in our 
electrodes. The linear current-voltage characteristics of our microelectrodes 
demonstrates that our electrodes in free-solution at least were Ohmic and non-
rectifying, consistent with bulk conduction. The present study used borosilicate patch 

pipettes with tip diameters of ~1m (20Mohm) to ~1/25m (1Mohm). Electrodes were 
filled with 150mM NaCl solution (physiological saline, to match the solution in scala 
tympani). The constraints on the geometry of the electrodes were that they be (a) non-
compliant (i.e. not whippy and flexible); (b) have a length of the tapered section at 
least as long as the bulla opening-to-BM depth; and (c) a short, wide tapered section 
before the tip, so that the tip opening itself dominated the electrode resistance. In our 
case the electrodes were essentially small diameter, long taper patch pipettes. A multi-
line puller program was developed, whereby the taper length and the tip diameter 
could be controlled relatively independently. The number of repetitions of the first line 
determined taper length (determined by the bulla to RW distance) and the pull 
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velocity of the final line determined the tip diameter: higher velocity produced higher 
resistance electrodes. 

10.3.3 Models of electrode tip-surface interactions 

In the absence of literature about the mechanisms of electrode blockade, we can 
only present possibilities as to the mechanism(s) of analog resistance modulation on a 
biological surface. One possibility is that the variable resistor is a gap between the 
electrode tip and the (relatively non-conducting) surface (Rgap; Figure 10.1). The tip and 
target surface are undoubtedly not flat at a molecular level, and we know that the 
contact resistance is not a tight seal (as in patch clamping), because we did no pre-
preparation of the surface, nor did we apply a vacuum to the pipette. The transfer 
function of this process would be expected to saturate at some sub-GigOhm contact 
resistance level, and the sensitivity would depend on the molecular-level geometry of 
the tip and surface (i.e. a more oblique angle, giving a larger tip-surface gap, should 
produce less of a resistance rise per nm of vertical electrode displacement.  

Another possibility is that the electrode and surface have no bulk fluid gap, but 
rather the tip compresses the surface, which itself forms a conductive sponge  (eine 
Saftigeoberfläche). Movement of the tip against the surface would then modulate the 
conduction through the sponge layer to bulk fluid away from the electrode (Figure 
10.1; ‘Rsponge’). The transfer function for this process would also saturate when the 
sponge layer was fully compressed, but tissue damage or electrode tip breakage would 
also result at some point, resulting in reduced resistance (a turn-over of the transfer 
function). Alternatively, irreversible blockade of the tip by debris may occur. Figure 
9.12 also shows an example of transfer function roll-over for electrode displacements 
of many micron towards the surface, consistent with tissue damage. It is likely that 
both resistance modulation mechanisms operate on a biological surface like the BM, 
but modulation of Rgap would most likely dominate the transfer functions obtained on 
hard surfaces such as SupaglueTM over bone wax shown in Chapter 7. If there were a 
combination of the two mechanisms, initial displacement of the electrode toward the 
surface might first change the bulk fluid gap (Rgap) and then compress the partially-
conducting surface layer (Rsponge). In this model, the total electrode resistance would 
be a parallel combination of Rgap and Rsponge. Both mechanisms would be reversible, 
unless tissue or tip damage occurred.  

10.3.4 Frequency response of electrode tip-surface interaction 

For low frequency target movements, the relative stiffness of the target versus the 
stiffness of the electrode would determine the sensitivity of the blocking process, with 
an infinitely compliant surface or an infinitely compliant electrode tip producing no 
resistance modulation (no gap closure and no sponge compression). We assume here 
that the electrode is stiffer than the biological surface and the BM it sits on. To a 
reasonable approximation we can assume that the electrode is infinitely stiff: we have 
not seen evidence of resonance in the electrode, as demonstrated by the results of 
Figure 7.19. Clearly the properties of the BM and the overall resonance of the organ of 
Corti are important, but we have only investigated the tip-surface interaction of the 
BM up to a few hundred Hertz. This will clearly be worth investigation in future studies 
with the technique. 

The nonlinearity of the tip-target resistance modulation has also not been 
characterized above a few tens of Hz, but it is likely that the mechanical properties of 
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Figure  10.1.A  simple  model  of  the  blocking  process  of  the  electrode  tip  on  the  target  surface 
includes two  simple mechanisms: (a) a varying leakage Rgap between the edge of the electrode tip 
and the target surface (most likely greater on one side of the electrode than the other because of 
the  unprepared  target  surface  and  the  imperfect  electrode  angle),  and  (b)  conduction  through  a 
crushable spongy surface of the target where the conductive fluid is progressively excluded from the 
matrix material made of relatively insulating material, producing a varying resistance Rsponge.. 
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Figure 10.2. A comparison between the nonlinear growth of cochlear microphonic (CM) and

the linear growth of three notional microelectrode probes with three different sensitivities 

operating in baseband mode (Probe 3 at 1000V/nm; Probe2 at 100V/nm and Probe1 at

10V/nm). The growth of CM with linear sound pressure is hyperbolic, as shown by the 
dashed curve fitted to the CM data points from two different animals in the present study. The 
CM amplitude (first harmonic of the CM waveform) is therefore ACM = Asat/(Psat + Psat). At

200Hz the saturation amplitude Asat in these animals was about 1600V, and the half- 
saturation sound pressure is known to be about 90dB SPL, corresponding to about 10nm peak 
of basilar membrane movement (Patuzzi, 1987; Patuzzi and Rajan, 1990). At that sound

pressure and below, the growth of CM amplitude with displacement is linear at about 

100V/nm, equal to the sensitivity of Probe2. For a 5MOhm microelectrode with 100nA of DC

current injection, the DC Ohmic voltage would be 500mV, and a sensitivity of 1% resistance 

modulation per micron movement would correspond to a voltage sensitivity of 5mV/m or 

5V/nm. A typical electrode in our study had a resistance/displacement sensitivity that varied

from zero to about 5%/m, depending on operating point on its transfer function. At its best, 
a microelectrode may therefore outperform outer hair cells in the basal turn by about 5:1

(25V/nm) at low frequencies, and would do even better at higher sound levels where CM 
saturates, or with higher injection currents or higher electrode resistances. Whichever,

microelectrode probes with sensitivities less than 100V/nm will produce an Ohmic voltage 
signal that is less than the CM, and need to be operated in AM mode to avoid confusion with

the CM.



 

   
 

 

 
 

 
  

 

  
 

 

 
 

 
 

 

  
 

 

 

the  surface  may  influence  this  process  too.  That  is,  different  layers  within  a  surface 
must have their own stiffness and mass, and therefore the frequency response of the 
total target surface could be complex, and may be resonant at certain frequencies (of 
course  the cochlear  partition is  itself resonant in  a  few  ways;  see  Patuzzi,  1996,  and 
more recent studies of cochlea micromechanics). This complex surface behaviour is the 
basis  of  atomic  force  acoustic  microscopy  (Hurley  et  al.,  2005),  where  the  tip-target 
contact stiffness is calculated by measuring resonant modes of an AFM cantilever on a 
surface  relative  to  a  reference  surface  of  known  surface  elastic  properties.  The 
frequency response results from the combination of the elastic properties of the AFM 
tip and those of the surface. By analogy, we would expect the elastic properties of our 
target  surfaces  and  the  electrode  tip  to  influence  the  frequency  response  of  the 
resistance measurement overall. The amplitude and phase of the measured resistance 
signal  should  therefore  vary  across  frequency  accordingly.  This  is  salient  when 
measuring  from  a  mechanically-tuned  surface  such  as  the  basilar  membrane,  and 
highlights the need to characterize the surface-tip response with a pilot movement at 
or near the acoustic frequency of interest.

In  this  study,  we  have mostly driven  tip-target  movements at  low  frequencies
(<5Hz  for  the  large-signal  transfer  functions),  and  relied  on  pilot  and  acoustic 
displacements  over  the  frequency  range  10Hz  to  1.6kHz,  which  is  well  below  the 
characteristic  frequency  of  the basal BM  measurement  region  (approximately  20- 
22kHz). As a result, we do not expect that tip-surface resonances are likely to influence 
appreciably the low-frequency results presented  here.  If  the  electrode  resistance 
technique  were  to  be  used  for  measuring  BM  tuning  curves (and  it  seems  entirely 
possible), then an  electrode  tip  with  a  stiffness  much lower than  the  stiffness  of  the 
BM should  be  chosen,  so  that  the  elastic  properties  of  the  BM  dominate. This  would 
also mean that the sensitivity of the technique would also be reduced [the sensitivity is 
proportional  to  kelectrode/(kelectrode +  ktarget)]. It  is worth  noting  that  the  organ  of  Corti 
itself does not dominate the viscoelastic properties of the basilar membrane (Scherer 
and Gummer, 2004).

  Figures  7.19  and  7.20 show  the  frequency  response  of 5Mohm  electrodes 
contacting a  non-biological  target,  with  the surface  movement  driven  by  a 
mechanically  damped  piezoelectric  disc.  Although  it  is  possible  that  at  higher 
frequencies,  surface  elastic  properties  may  alter  the  displacement's frequency 
response measured with the microelectrode, the frequency response of the electrode
is remarkably flat, with the exception of the complex resonance around 6-10kHz. The 
complex  resonance  around  6-10kHz  was  almost  certainly  present  in  the  mechanical 
vibration  of  the  piezo  disc  itself,  which  was  necessarily  complicated  by  soldering  the 
wire  ‘hurdle’  required  to  monitor  the  vibration  with  the  optic  probe.  The  piezo 
frequency response measured with the optic probe shows a similar complex resonance 
in the same frequency band. In future, the bandwidth of the electrode process should 
be  confirmed  by  making  the  same  measurement  with  an  actuator  with  a  flat
displacement-frequency response.

In addition, it is unlikely that the microelectrode contact, with or without vibration,
damaged  the  BM  by  pushing  it  beyond  its  elastic  limit, except  where  we  applied 
explicit  feedforward  step  displacements of 5 m or  more.  The  stiffness  of  the  BM  is

relatively  constant for  displacements  of  1-3 m  (Gummer,  Johnstone  and  Armstrong, 
1981; Miller, 1985; Olson and Mountain, 1991; Naidu and Mountain,1998b; Emadi et al.  
2004). This linear elastic behaviour is consistent with compression of the tympanic cells 

on the scala tympani surface of the BM (Miller, 1985). Larger deflections (>3 m),
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involve  compression of the non-cellular ground substance,  which occurs once that cell 

layer is flattened (Miller, 1985). For deflections >5 m m the applied force is borne by the 

filaments  within  the  ground substance,  which is  presumably more  compliant  at  the 
middle of the BM, between the lamina and the ligament into which the filaments insert 
(Miller, 1985; Iurato, 1967).

The  <2 m  diameter  microelectrode  tip  used  here  is  many-fold  smaller  than  the
2 2probes used in studies of BM stiffness (491 m , Gummer et al., 1981; 79 m , Miller,

21985;  25 m ,  Olson  and  Mountain,  1991). These  large  probes  encompass  tens  of 
outer hair cells, whereas the electrode tip used here is smaller than the base of a single
OHC width.

10.4 Baseband injection: CM versus acoustic movement

  The  electrode  signal  recorded  within the  cochlea  or  on  the round  window  during 
acoustic  stimuli  will  inevitably  include  a  cochlear  microphonic  component.  While  CM 
contamination  is  not  an  issue  for  AM  current  injection,  because  the  baseband  CM  is 
filtered out in the demodulation process, with DC current injection it can become hard 
to  distinguish  between  the  CM  signal  and  the  Ohmic  signal  due  to  the  resistance 
modulation.  The  present  system  was  optimized  for  AM  injection,  because  of  the  CM 
contamination  issue,  because  we  aimed  to  measure  pseudo-DC  movements,  and 
because we did not expect the baseband electrode signal-to-noise ratio to be as good 
as  it  was.  However,  DC  injection  was  successfully  used,  albeit  with  some  CM
‘contamination’, and may be useful in some other measurement contexts.

  To distinguish reliably between CM and Ohmic displacement signals from the BM 
when  in  baseband  mode,  the  displacement  signal  must  be  many-fold  larger  than  CM
(see  Figure  10.2).  For  example,  the 100nA DC  current  injection  used  here,  across  a 
5MOhm  electrode,  gave 500mV DC.  A  resistance  modulation  of  1%  (equivalent  to 
approximately 200nm movement) would produce 5mVpp displacement signal, which is 
only fractionally larger than the CM in a healthy cochlea at that sound pressure level. 
Therefore,  CM  contamination  was  always likely  to  be  a  problem  with  the  electrode 
resistances and DC current used here, and that is why we presumed we would need to 
use AC current injection for resistance measurement, rather than DC injection.

  To  avoid  confusion  between  the  CM  and  the  Ohmic  signal in  future,  electrode 
displacement  sensitivity  would  need  to be  increased  by  increasing  current  injection 
levels,  or  increasing  electrode  resistance,  although  there  are  issues  with  both. 
Increasing electrode  resistance would  reduce  bandwidth,  which  is  one motivation  for 
using DC current injection in the first place. Increased current (above 100nA) appeared 
to  create  electrode  resistance  drift,  and  there  is also an  upper  physiological  limit  on

current  injection  into  scala  tympani  of about 1A  before  the  active  process  is 
modulated (Hubbard and  Mountain,  1983;  Kirk and  Yates, 1996) or  afferent synapses 
are effected (Halliday, 1994; Patuzzi, 2011; Sewell, 1984).

  Therefore,  DC  current  injection  may  need  to  be  reserved  for  measuring  very  low 
frequency  (non-acoustic) responses  below  the  helicotrema  corner  frequency   where 
CM is reduced (at most 80Hz in guinea pigs, as discussed later), or for measurement of 
movements  at higher  frequencies  where  the  CM  is  attenuated  relative  to  the 
electrode's  Ohmic  response,  or  at frequencies  other  than  the  acoustic  stimulus 
frequency  (and  its  harmonics), where  CM  can either be  filtered or  averaged out. 
Alternatively,  simultaneous  CM  and  displacement  measurements  could  be  made to 
allow differential recording, perhaps by painting a conductive stripe down the side of
the electrodes, to  allow  CM  recording  very  near  to  the  electrode  tip,  to  obviate  the
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need  to  back  the  electrode  away  from  the  target  into  ST  fluid  to  measure the CM
alone.

10.5 Animal condition and overall success rates

  Unfortunately, we were unable to capture examples of the low-frequency bounce 
from  cochlea  in  top  physiological  condition.  Although  the  surgical  approach  (opening 
the bulla and electrode tracking through the RW) was very simple, fast, and therefore 
minimized damage to the cochlea, the success rate of experiments was hampered by 
several factors:

(a)  The  angle  of  head  relative  to  body  was  very  acute.  The  location  of  the  tracheal 
opening had to be as low as possible, without impinging on the first bifurcation of the 
trachea,  otherwise  head  angle  would  easily  bend  the  trachea.  Not  securing  the 
tracheal tube with glue (using a surgical silk tie only) helped. Having the animal’s body 
at  an  angle,  rather  than  horizontal  on  the  ‘bed’  may  have  helped  by  increasing  the 
body-chin angle.

(b) Positioning the animal in the custom earbars was more difficult than standard brass 
earbars,  because  of  the  awkward  head  angle  and  lack  of  adjustment  of  the  width  of 
the headholder (in the left-right direction).

(c) The  carbon  fiber  headholder  was  also  fragile,  owing  to  poor  adhesion  between 
epoxy and carbon fibre (this is a standard problem with carbon fibre). The headholder 
sometimes  had  to  be  re-glued  between  animals.  A  more  robust  headholder  design 
might  be  made  by  ‘potting’  the  animals’  head  in  polyurethane  foam,  while  also 
allowing  for  sound  delivery  tubes  and  three-point  fixation  of  the  head  to  prevent 
pivoting  of  the  head  when  driven  by  the  V4  (unlike  the  polyurethane  foam 
headholder).

iv) Simultaneous landing of the two probes (optic and resistance) so both were within 
their dynamic range was also difficult. The process involved pre-setting the optic probe 
adjustment  so  the  whisker  was  as  high  as  possible,  and  then  lowering  the 
optic/electrode  assembly  until  the  electrode  was  above  the  RW.  The  RW-to-BM 
distance  was  known  to  be  several  tens  of  micron,  therefore  if  the  optic  probe  could 
land on the SCC and overshoot optic mid-range by tens of micron, then the electrode 
was likely to be at the right height relative to optic whisker. If not, the electrode height 
has  to  be  adjusted  in  the  electrode  holder  manually.  Future  prototypes  should  allow 
fine  adjustment  of  electrode  height  (possibly  by  a  screw),  and/or  a  greater  range  of 
adjustment  of the optic  probe  height. Relative  adjustment  of the  optic and  electrode 
probes  was  limited  by  the  need  to  mount  both  on  same  assembly,  with  only  metal-
metal contacts and metal leaf springs as adjustment (for maximum drift stability).

10.6 Issues of 3D and off-axis animal movements

  Front-back movement of animal with ventilation seemed to be the major source of 
off-axis animal movement open loop. Changing the relative height of the animal’s body 
relative  to  the  headholder  did  not  change  this  significantly  (data  not  shown). If 
ventilation  movement  were transmitted  via  the  spine,  then  cervical  dislocation  may 
reduce  the  ventilation  artifact  on  the  skull. Also,  atropine  may  have  increased the 
pulse  pressure  by  increasing peripheral  resistance,  so  administration  of  vasodilators
may be a method of reducing the amplitude of pulse artifact in future experiments. 
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The forehead leaf springs successfully reduced off-axis ventilation movements, 
without reducing the vertical axis movement significantly. However, issues of off-axis 
movement remained, as seen by the fact that PID did not always successfully null the 
pulse/ventilation artifacts, despite stabilization of the optic bulla trace to within +/-
5nm. This cannot be explained by off-axis sensitivity of the optic probe itself, since its 
off-axis sensitivity was down by about 20:1 relative to its on-axis performance (Figure 
5.3).  

Failure of the PID stabilization to null the pulse/ventilation artifact in some animals 
could have been because of the inappropriate off-axis movements measured by the 
electrode (i.e. rotation of guinea pig skull between the cochlea and the bulla). 
Although possible, it seems unlikely, because there was no inversion of the 
pulse/ventilation artifact when measured around the bulla opening and above and 
below the round window (data not shown). Alternatively, real pulse movements 
probably occurred in some animals, as discussed later. 

10.7 How to improve the optic probe and the headholder 

The signal-to-noise ratio of the optic probe could have been improved further, 
although the major limitation of the optic probe and the stabilization system in vivo 
was not the optic probe itself, but the adjustment of its position relative to the 
microelectrode during the landing process. The off-axis skull movements and the off-
axis sensitivities of the optic probe and the microelectrode could also be improved. 
Overall, there are several ways the optic probe SNR could be improved: 

a. The SNR could be increased by focusing the LED light with a small lens. We did try an 
aperture over the LED to reduce the common mode light on both photodiodes 
produced by the penumbra of the whisker's shadow, but that did not improve the 
SNR significantly.  

b. The LED brightness could be increased even further by driving the LED with even 
higher current. It is worth noting that the LED used in the final prototype here did not 
fail during several months of continuous use (~8 hours/day to avoid thermal 
transients). This was despite the 200mA drive current being almost double the 
manufacturer’s maximum recommended current. With an even better heatsink this 
current could be increased further, even if the LED became a consumable in the 
process. Saving the LED life by reducing the current until maximum brightness was 
required for sensitivity and signal-to-noise ratio is not an option, because of the 
thermal transients this would evoke. 

c. The symmetry of the optic probe transfer function could be improved to some 
extent by allowing a fine adjustment of relative height of the photodiodes relative to 
the LED. In the present design, this position was adjusted by trial and error only once 
during the fabrication of the optic probe, by minimizing the differential signal with no 
whisker, by slightly bending the position of the photodiodes relative to the LED. 

d. The shadow whisker could also be improved. Although the whisker frequency 
response was flat to at least 500Hz (since V4 frequency response measured with 
optic probe was flat to 500Hz), the frequency of any resonance could be increased by 
(a) reducing mass of whisker, (b) reducing length of the whisker, or by (c) improving 
the whisker clamp making it more easily adjustable. 
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As for the headholder, carbon fibre was used to reduce its mass, to increase the 
first resonance frequency of the mass-loaded V4 actuator. This carbon fibre 
headholder was fragile, especially considering the inward force on the two struts to 
the ear screws. Carbon fibre rods were held together with epoxy, but no glue was 
available that bonds adequately with the surface of carbon fibre, so often the 
headholder had to be re-glued after each animal because the epoxy used parted 
company with the carbon fibre. An improved headholder could be made by potting the 
head in lightweight polyurethane foam. 

10.8 Why actuate the head and not the microelectrode? 

Much time and effort was spent increasing the first resonance of the mechanics of 
the actuator, headholder and skull, because actuating the skull meant that the 
actuator had to have a high axial stiffness to support the headholder and head, and it 
had to have a relatively flat displacement frequency-response when mass-loaded. Both 
of these issues could have been avoided by actuating the electrode rather than the 
head. The decision to actuate the head rather than the electrode was made because 
one aim of the project was to stabilize at low frequencies (DC to tens of Hz), and 
because the electrode actuators we could make or buy would not have been sufficient 
for purpose in terms of their size, drift, hysteresis, and frequency response. Although 
small dynamic speakers easily have bandwidth beyond 500Hz, even a small dynamic 
speaker would have occluded the view of the electrode tip in the bulla opening in vivo. 
Alternatively, smaller piezoelectric actuators (made of stacked piezo disks) exhibit 
significant hysteresis (Burleigh Instruments, 1999; Fee, 2000), likely due to slippage of 
the stacked piezo relative to each other as they expand and contract. This was 
unacceptable for the purposes of this study, although it is not an issue when used 
open-loop for microelectrode actuation in neuroscience applications, and their 
hysteresis can be linearized with feedback (e.g. using LVDT; Fee, 2000). Piezo actuators 
are also very costly and require high voltage drivers which may produce electrical 
pickup issues. 

If a small high-frequency, linear electrode actuator could be made, then the low- 
and high-frequency feedback stabilization loops could be separated. High-frequency 
stabilization of the electrode could be done by actuating the lightweight electrode, and 
the V4 could be used for only low frequency feedback stabilization (DC to tens of Hz) 
and for feedforward movement of the head towards the electrode for electrode 
landing. The mass of the headholder could be increased significantly: the mass of the 
final headholder prototype was <10g (plus the ~32g head), whereas the axial stiffness 
of the V4 could support up to 450g/mm (Data Physics). The stiffness of the stiffness 
plate on the V4 (necessary to increase the bandwidth) could then also be reduced, 
increasing the dynamic range of actuation of the V4. 

10.9 On improving the vibration environment in neuroscience experiments 

Direct, nanometre measurement of table top and equipment vibration allowed us 
to identify and fix sources of mechanical noise. From these measurements, it became 
clear that cantilevered micromanipulator stands resonate significantly, stimulated by 
both building and room vibration, and any vibration on the table top itself (see also 
Sutter, 2015). Even solid square-based micromanipulator stands resonated in this way, 
if not buttressed. We also discovered that a common table-top vibration isolation 
method (a half inflated bicycle inner tube between table base and table top) allowed 
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mechanical vibrations to be transmitted across the metal top plate (data not shown). 
This  was  eliminated  by  replacing  the  bicycle  tyre  with  compression  springs,  probably 
because the compression springs were not coupled to each other as is the case for the 
inner tube. It was also found that hollow metal threaded-hole top plates, common in 
commercial  vibration  isolation  tables,  also  transmit  mechanical surface vibration 
across  the  plate,  even  when  using  compression  spring  suspension.  This  is  salient  if 
using fan-cooled equipment (e.g. lasers) on a vibration isolation table.

  Cables and ventilation tubes efficiently transmit building and room vibration to the 
experimental  table  top  if  not  mechanically  uncoupled  by  suspending  them  from 
ceiling-mounted  tension  springs,  with smaller,  flimsier  loose  cables  from  the  ceiling 
suspension  to  the  table  top.  As  previously  mentioned,  we  could  quickly  and 
conveniently  locate  sources  of  table  top  vibration  by  listening  to  the  output  of  the 
optic probe through headphones, while tapping on cables and equipment in the sound 
proof  room.  Cables  and  tubes  draped  from  the  table  base  to  the  (isolated)  table  top 
negate the benefit of the isolation table.

  Without  taking  measures  to  reduce  this  environmental  vibration,  single  cell 
mechanical measurements  are  unlikely  to  be  reliable.  It  is  likely  that  significant
improvements can be made with very little investment of time and equipment.

10.10 On improving thermal drift

  Perspex electrode holders, ubiquitous in patch clamping and in vivo neuroscience 
and  physiology,  are  extremely  prone  to  drift  and  should  be  replaced  with  brass 
equivalents where possible.  We reduced variations in the temperature within the 
sound  proof  room by  permanently  blocking its air  conditioning  ducts,  and  by  turning 
off  the  laboratory  air-conditioning  before  and  during  experiments.  This  also  reduced 
air  conditioning  building  vibration,  although  some  residual  sub-nanometre  vibration 
was measureable on the optic trace around 10Hz (Figure 3.3), presumably due to the 
air condition plant in the building roof that remained on.

  Day-night variations in building temperature (even without air conditioning in the 
laboratory itself) also caused thermal expansion and contraction of micromanipulators, 
and  electrical  drift  of  the  electronic  equipment. Leaving  electronic  equipment  on 
continuously allowed thermal drift to reach a steady state, and insulating the boxes of 
electronic  equipment  helped  maintain  that  steady  state. Having  said  that,  the  optic 
probe  LED  was  itself  not  left  on  continuously,  because  of  concerns  about  its reduced 
lifespan when it was already driven beyond its recommended current level. However, 
thermal expansion of the optic probe due to LED heat was minimized (a) by turning the 
optic  probe  and  LED  on  hours  before  measurements  were  made,  and  (b) by
incorporating the large brass heat sink built into the optic probe.

10.11 How to test drift with feedback operational

  Without  a  ‘gold  standard’ of  a drift-free  displacement  measurement  system for 
comparison with our optic and electrode probes, we had to make do with comparing 
one  with  the  other,  using  the microelectrode  as  independent  measure  of  drift  of  the 
optic  probe  and  feedback  system.  Final  drift  of  the  feedback  (as  measured  by  the 
electrode) was 650nm/30 min. This included real electrode resistance drift, which we 
were  able  to  limit  to  500nm/hour  equivalent  by  electrode  capillary  cleaning  and
instrumentation  stabilization  (see Section  7.3).  This  most  likely  represents  the  true
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relative drift between the two systems (electrical and mechanical), unless the 
electrode resistance drift happened to perfectly cancel out the optic probe drift, which 
is unlikely. Interestingly, the following is a list of possible drift sources that failed to 
contribute significantly to drift: 

(i) The electrode holder, which consisted of two rhodium-plated metal leaf springs 
securing the electrode in a groove in a brass plate, could be replaced with a metal 
screw clamp to hold the electrode more securely. 

(ii) Thermal expansion and contraction of the electrode: Despite the relatively high 
coefficient of thermal expansion of glass, the length of the electrode shank, and the 
exposure of the electrode to air currents and warming (from proximity to the animal), 
thermal expansion and contraction of the electrode did not appear to be significant. 
This was fortuitous, since there was little scope for improving the electrode’s 
susceptibility to thermal changes except by minimizing its length.  

(iii) Optic contact whisker contact surface pressure: Early prototypes with sharp edges 
or lead solder on the bone-contact end of the contact drifted significantly, as a result 
of slippage of the contact whisker into the bulla bone, and deformation of the soft 
lead metal, respectively. The bulla-contact surface of the final prototype was 
phosphor-bronze alloy wire, filed flat to maximize contact surface area. The surface 
area was nevertheless a fraction of a square millimeter, and filed flat only by eye, so 
it was surprising that these measures were sufficient to solve this drift issue. Had the 
optic contact whisker deformed the bone surface, the feedback stabilization would 
have caused a raising of the animal head, which would have caused the electrode to 
over block. It is also interesting that the surface of the SCC just inside the bulla 
surface was not pre-prepared in any way to remove any cell layers that could have 
provided a soft target for the contact whisker, although this could be easily done in 
vivo if it had been required. 

(iv) Op amp electrical drift: Electrical drift of the amplifiers in the optic probe and PID 
was not a significant problem, compared to thermal and mechanical drift. Of the two 
systems, the PID would have been most likely to drift, since three identical op amps 
in series would cause three-fold the amount of drift. To eliminate this drift as a 
possibility, the op amps could be replaced with low-drift op amps, which AM-
modulate the dc-coupled input, and demodulate at their output. 

10.12 Why drift always wins and active stabilization is necessary 

Active feedback stabilization at DC to 1Hz was essential in this study, because even 
with careful design of manipulators and headholders, thermal expansion and 
contraction of equipment will inevitably occur. Thermal drift cannot be distinguished 
from physiological BM movements, because of their similar time course (also tens of 
minutes; O’Beirne, 2005), and the fact that thermal expansion and contraction can be 
non-monotonic, particularly where multiple pieces of equipment with different 
thermal expansion coefficients, and different thermal time constants. Because thermal 
drift is potentially far larger than the pseudo-linear range of the microelectrode 
resistance process, it was inevitable that the skull needed to be stabilized relative to 
the microelectrode. A possible solution to the drift problem might be to make a 
perfectly linear BM probe (should such a technology exist), but the problem of 
discriminating between physiological movements and drift artifacts would remain. 
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10.13 Dynamic range of OHCs versus the microelectrode probe 

The pseudo-linear dynamic range of the microelectrode resistance probe was 
many-fold larger than the dynamic range of active movements expected from any 
autoregulatory OHC movements. On a biological target, the pseudo-linear dynamic 

range of the microelectrode resistance probe was up to 3m (Figures 9.9, 9.10 and 
9.12). Length changes of unconstrained OHCs in vitro are of the order of hundreds of 

nanometres up to 1-2m (Brownell et al., 1985; Evans, Hallworth and Dallos, 1991; 
Dulon, Aran, and Schacht, 1988; Schacht and Zenner, 1987; Dulon, Zajic and Schacht, 
1990). Active OHC movements in vivo, constrained within the organ of Corti must be 
many fold smaller, and therefore within the dynamic range of blocking of the 
microelectrode.  

The useful dynamic range of the microelectrode could be effectively increased if 
the microelectrode signal itself were used as the controlled variable in the PID 
feedback stabilization system. Such an ‘iso-resistance’ mode of operation would have 
the advantage of avoiding surface damage during large excursions of the surface, for 
example during large static shifts of the cochlear partition during endolymph injection. 
Long software synchronous averaging times could be used, to minimize resistance drift 
as in the resistance stability measurements in Chapter 7. On the other hand, if fast 
pulse/ventilation artifact stabilization of the electrode relative to its target were 
required, then DC current injection could be used to maximize stabilization bandwidth. 
AM current injection with analog envelope detection could be used, provided that 
phase roll associated with the low-pass filtering did not produce excessive feedback 
loop delays. 

10.14 Linearity of pilot movement measured by probes without stabilisation 

The pilot movement driven open loop was linear over a range of more than 3mpp 
when measured by the optic probe on the SCC (Figure 9.16). This means that the pilot 
movement can be used as a reliable, constant-amplitude continuous calibration 
movement during measurements where dc-stability and/or pulse/ventilation 
movement cancellation is not essential (e.g. tuning curves). Then, all that is required is 
to land a single electrode onto the cochlear or middle ear target with the pilot 
movement on open loop, avoiding the difficulty of landing the optic and 
microelectrode probes together. Should the pulse/ventilation movement bias the 
electrode operating point on its nonlinear transfer function, the pilot can be used to 
normalize the acoustic movement, provided the pilot and acoustic are co-modulated 
the same amount (Figure 9.12A). This would occur only if (a) the microelectrode 
blocking process is frequency invariant (which it is, Figure 7.21), and (b) both the pilot 
and acoustic movements are small-signal and similar amplitude. 

10.15 Comparison of tuning curves with previous work 

Acoustic tuning curves were not the main focus of this study, the main aim of 
which was to monitor slow <1Hz BM movements, rather than sound-evoked vibration 
per se. In the late stages of the project we found that the sensitivity and frequency 
response of the microelectrode process would allow such measurements to be made, 
but time did not allow exhaustive investigation of the issues. This was unfortunate, 
because the displacement sensitivity of the electrode technique allows measurement 
of the middle ear and cochlear transfer functions below that of existing techniques, 
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which have a lower limit of 40-50Hz (e.g. Wilson and Johnston, 1975; Ruggero, Robles 
and Rich, 1986).  

Tuning curves from the BM with the RW intact were highly variable, and showed 
larger amplitudes than expected from the literature, with an unexpected rise of 
6dB/octave with decreasing frequency (Figure 9.17 and 9.18). A 200Hz 100dBSPL tone 
that produced a near-saturated CM (Figure 9.3) would be expected to correspond to 
transverse displacement of the organ of Corti of approximately 60nm peak (Patuzzi, 
1987; Patuzzi and Rajan, 1990). Our 200Hz measurements, corrected for the amplitude 
of the 30Hz pilot movement, ranged from 5nm to 250nm RMS. The spread of 
movement amplitudes within one animal with different electrode tracks had a ten-fold 
spread (Figure 9.18, grey open circles). One possibility is that the large, low-frequency 
movements were due to round-window movements pulling unreliably on the 
electrode shank. This appears to be borne out in the data from one animal (#200117) 
that showed a large, rising low-frequency response with the round window intact 
(black open squares), and a smaller response rising with increasing frequency after the 
round window was removed (black filled squares). The likelihood of low frequency 
round window movements is discussed below. 

Other possible explanations for the large low-frequency BM responses are as 
follows. 

(a)  The normalization to the 30Hz 160nmpp pilot was incorrect. This is unlikely 
because the open loop movement of the skull measured by the optic probe when 
the V4 was very well behaved (Figure 9.16). The tuning curves were obtained 
without PID stabilization, so changes in pilot amplitude caused by incomplete 
feedforward nulling cannot be the explanation (see Section 9.7). Normalization to 
the pilot controlled for changes in microelectrode sensitivity caused by any drift of 
the (un-stabilized) electrode contact. 

(b)  There was non-linear intermodulation between the pilot and acoustic movements. 
Intermodulation could have over- or under-estimated the amplitude of the acoustic 
movements (Figure 9.12). However, when extracting tuning curve acoustic 
movement amplitudes spectrally (data not shown), pilot intermodulation sidebands 
+/- 30Hz of the acoustic frequency were not observed. 

(c) The frequency response of the microelectrode blocking process was not flat on a 
biological target. The frequency response on a non-biological surface was flat down 
to DC (Figure 7.21). Figure 7.16 does show an increase in electrode signal amplitude 
at low frequency, but this was using very large signal pilot movement relative to the 
electrode transfer function on a non-biological surface, and the electrode was 
drifting relative during the measurement. In contrast, the 160nmpp typical pilot 
movements used in vivo were small-signal relative to the transfer function of the 

electrode (which was many m, Figure 9.12). It is possible that the viscoelastic 
properties of surfaces within the cochlea caused resonances in the microelectrode 
frequency response, but it would be a very broadly tuned resonance indeed to 
cause a continuous 6dB/octave increase below 400Hz. 

(d) There was structure borne or air-borne vibration of the electrode-BM contact 
caused by vibration of the earbud speaker. The earbud could have vibrated the skull 
via the headholder, to which it was coupled via the sound delivery tube (i.e. bone 
conduction stimulation). The sound could also have vibrated the electrode tip, 
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causing larger relative movement of the electrode and the target. However, as 
Figures 9.9 demonstrate, no acoustic vibration of the skull can be seen in the optic 
probe trace measured on the SCC during sound presentation, neither with nor 
without stabilization. If skull vibration were present on the optic trace during PID 
stabilization but was actively cancelled (9.9B and 9.9D), then a measurable V4 drive 
at that frequency would have been seen. 

(e) There was acoustic vibration of the optic probe whisker that actively drove the 
electrode contact during PID stabilization. This was not the explanation because the 
tuning curves were obtained open loop. Even with the PID on, the whisker was not 
microphonic in response to earbud sound stimulus, which would have appeared on 
the V4 drive waveform during PID stabilization, yet it did not. Figures 9.9B and D 
show that this was not to be the case using the earbud speaker, although it was 
known that the optic probe contact whisker could be microphonic, from trials of 
free-field sound delivery at approximately 80 dBSPL (Figure 9.7C). 

(f) The acoustic response was electrical capacitive feedthrough of the electrical sound 
drive to the electrode. This cannot be the explanation, because the tuning curves 
shown were obtained in AM current injection mode, and electrical capacitive pickup 
from the sound system, which would also be filtered out by the 9kHz band-pass 
filter. Furthermore, electrical pick up would increase at higher frequencies for a 
fixed earbud drive, whereas the displacement decreased. Figure 9.7C shows the 
relative amplitude of an acoustic BM response to a free-field low-frequency sound 
produced by a voice (approximately 80dBSPL). The amplitude of the sound-evoked 
response was the same order of magnitude as the pulse/ventilation artifact (100-
200nmpp, typical), as it was during sound stimulus from the earbud open loop 
(Figure 9.9). That is, the pulse/ventilation artifact provided an additional calibration 
bar for the acoustic and pilot movements, and was internally consistent throughout. 

(g) The acoustic response is contaminated with CM. This cannot explain the results, 
because the tuning curves shown were obtained in AM mode, with the exception of 
the example RW curve in Figure 9.17, which is likely to have some CM 
contamination. However, It is well known that CM decreases with decreasing 
frequency at a rate of 6dB/octave, and as seen in Figure 9.17A, at low frequencies 
the CM contamination must be reduced, leaving a residual displacement response. 

(h) The normalization to 100dBSPL sound system calibration was incorrect by 
6dB/octave at low frequencies. CM tuning curves could be used as an internal check 
of the calibration of the sound system. To check for this, BM, lamina and RW tuning 
curves are compared with the CM tuning curve for a fixed earbud drive in the same 
animal (Figure 9.17A). Clearly, CM rolled off with decreasing frequency as expected 
at 6dB/octave, yet BM movement remained relatively flat. 

(i) There was a sound-evoked round window ‘artifact’ pulling on the electrode shank, 
modulating the electrode tip contact. This is a possibility, at least in some animals 
and some electrode contacts, and this is discussed further, below. Figure 9.17A 
would argue against this, however, because the tuning curve of the lamina should 
also include a RW artifact, yet there was no acoustic movement measureable above 
the spectral noise floor of the recording in some lamina recordings, despite a large 
pilot movement response. A rising frequency response was measured in one animal 
after removal of the round window, which could have been due to removal of this 
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RW ‘tugging’. However, damage to cochlear function and/or input impedance with 
RW removal cannot be ruled out (as discussed below). 

10.16 Incus tuning curves 

The absolute amplitude of the incus response at 400Hz 100dBSPL (135nm rms, on 
average) is within a factor of 3 of other published incus displacement tuning curves, 
and easily within the measurement variability of other techniques (Manley and 
Johnstone, 1974; Wilson and Johnstone, 1975; Guan and Gan, 2011; Chen et al., 2014), 
but the low frequency response cannot be directly compared to most of that data 
because of the lack of low-frequency sensitivity of the techniques used. One source of 
variability in these data, including the present study, is the off-axis direction of the 
measurements relative to the main axis of vibration of the long process of the incus. 
Wilson and Johnstone’s capacitive probe (1975) was 58o off axis, for which a 5.5dB 
correction was applied to their data. Similarly, Guan and Gan (2011; 2013) measured 
40o-50o off axis. The surgical approach used here was similar to these other studies, 
and so the incus movement measured must have included off-axis component. The 
off-axis sensitivity of the capacitive probe comes from the large size of the capacitive 
tip (the capacitance measured will be an average across the entire probe diameter of 
0.15mm), and can vary over seconds as the effective distance of the probe to the 
target changes as condensation builds up on the probe tip, and the effective shape of 
the probe tip changes as moisture beads on the surface. This also causes large changes 
in signal amplitude because of the nonlinearity of the capacitance and displacement 
transfer function. This was a constant problem when a capacitive probe was used for a 
short time in the present study to measure from the bulla, as a quick independent 
assay of off axis animal movements when the PID stabilization was turned on and off. 
The microelectrode technique, on the other hand, can measure from an area of a few 
micron, and the off-axis sensitivity should remain constant for any particular electrode 
tip contact. Therefore, in spite of the variability shown here, comparisons with 
capacitive probe data should be treated with caution. Also, it is important to note that 
the sensitivity and linearity of the microelectrode technique is far better than the 
capacitive probe, which required filtering time constants of ~0.3 seconds to see 
anything in the raw trace. Compare this to the raw trace shown in Figure 9.19, where 
<10nm would be clearly distinguishable in the raw trace (had we reduced the sound 
level). 

Like the BM with RW tuning curves, the incus tuning curves also rose at 
approximately 6dB/octave with decreasing frequency (Figure 9.20). Other authors 
show a flat frequency response down to the lower frequency limits of their respective 
measurement equipment (200Hz; Guan and Gan, 2011; Chen et al., 2014; 100Hz; 
Manley and Johnstone, 1974; 20Hz; Wilson and Johnstone, 1975). 

10.17 The round-window displacement artifact as part of a broader issue 

One possible explanation for the large acoustic BM measurement could be that 
low-frequency round window movements were pulling on the electrode shank and 
modulating the tip contact on the BM (‘what we have referred to as the RW artifact’).  

Both the BM mechanical movements and the resultant CM decrease at low 
frequencies, at approximately 6dB/octave (Schmiedt and Zwislocki, 1977; Magnan et 
al., 1999). This drop results from a similar 6dB/octave decrease of the pressure drive 
across the BM at low frequencies (Magnan et al., 1999). A drop at low frequencies in 
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Figure 10.3. The cochlear microphonic iso-response tuning curve (crosses) from one

animal from the present study (animal #250417) is similar to the 10V CM tuning 
curves of Schmiedt and Zwislocki (1984), falling at about 6dB/oct with a fall in stimulus 
frequency. Also shown (open circles) are the available BM iso-displacement tuning 
curves from three of our animals (#250417, #180417 and #200117), all normalized to 
the 400Hz data point. These curves do not agree with either the data of Schmiedt and 
Zwislocki or our own CM data (crosses) , because they rise at 6dB/oct as frequency 

falls. However,  also shown (black triangles) is our only available iso-displacement 
BM tuning curve  obtained in this study with the round window removed (animal 
#200117). It appears  more similar to the CM data. The simple point made by these 

comparisons is that our  CM data is in reasonable agreement with that of Schmiedt 
and Zwislocki, falling at  about 6dB/oct below about 400Hz, but our BM tuning 
curves rise over the same  frequency range by 6dB/oct, which may be consistent with 

the electrode being pulled by the  round window movement. As a result, the CM 

tuning curve and the RW tuning curve  diverge by 12dB/oct as sound frequency falls.
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Figure 10.4. At  progressively  lower  frequencies  the  helicotrema  becomes  a  more 
effective fluid pressure pathway, shunting the differential pressure across the cochlear 
partition. At the same time, it more effectively provides pressure drive from the stapes 
to  the  round window.  As  a  result,  as  sound  frequency  falls,  the  amplitude  of  BM 
vibration  decreases  at  6dB/oct,  and  the  amplitude  of  RW  movement  increases  at 
6dB/oct. (A) This is consistent with the forward middle ear transfer function reported 
by Magnan et al (1999), which shows  a drop in  scala  vestibuli pressure in the guinea 
pig basal turn as stimulus frequency fall: progressively the helicotrema becomes a more 
effective  shunt  of  scala  vestibuli  pressure,  and  the  stapes  drives  the  round  window 
through it. (B) This drop in cochlear pressure at lower frequencies simply explains the 
tuning  of  the  basilar  membrane  at  low  frequencies  in  the  basal  cochlear  turn,  which 
then  simply  explains  the  tuning  of  the  cochlear  microphonic,  with  their  being  0dB 
difference  between  the two  responses  from  0.1kHz  to  nearly  3kHz,  as  reported  in 
Schmiedt  and  Zwislocki  (1984).(C)  These  authors  also  reported  that  the  cochlear 
microphonic  became  less  sensitive  at  about  6dB/oct  as  sound  frequency  fell.  (D)  A 
direct  comparison of  the  stapes  displacement curves  of  Wilson  and  Johnstone  (1975)

and  Nuttall  (1974)  with  the  CM  data  of  Schmiedt  and  Zwislocki  (1984)  clearly  shows 
that CM tuning up to 10kHz in the basal cochlear turn of the guinea pig is explained by 
BM tuning. Overall, the data of Magnan et al. in (A) simply explains the reason that the 
BM  movement  becomes  less  efficient  at  low  frequencies:  the  helicotrema  shunts  the 
pressure  available  to  drive  BM  vibration,  and  passes  it  to  the  round  window,  which 
becomes more efficient at 6dB/oct as frequency falls. 
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Figure 10.5 An equivalent circuit model of the very low frequency behaviour of the middle ear

and cochlea, consisting of a sound pressure source (V1) with a finite source impedance (R1), a 

stapes with its compliance (C1) driving the fluid in scala vestibuli which has a fluid mass (L1), 

which in turn drives the cochlear partition compliance (C3) in parallel with the helicotrema, with 
its own fluid mass (L3) and viscosity (R2). The combined volume velocity through the partition 

and helicotrema then drive the fluid mass in scala tympani (L2) into the round window 

compliance (C2). The combined fluid masses of scala vestibuli and scala tympani can resonate 

on the combined stiffness of the stapes, round window and partition, damped by the viscosity 

of fluid flow through the helicotrema. If the low-pass cutoff frequency of the helicotrema is 

higher than the resonance frequency of the combined resonator (say 80Hz versus a resonance 

frequency of 20Hz), then a damped resonance of the system will occur near 20Hz, and be 

observed as an increase in displacements of both the incus and round window as sound 
frequency falls (as observed) and rises up the high-frequency skirt of the resonance, and also an 

increase in partition vibration at the low-resonance frequency (which in most species would be 

below sensory threshold. 
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some species can solely be due to the dependence of scala vestibuli pressure on stapes 
velocity, and the proportionality of stapes displacement and ear canal pressure (Dallos, 
1970). In some species, there is an additional 6dB/octave drop at low-frequencies 
thought to be due to the shunting influence of the helicotrema. This helicotrema 
shunting can occur at different frequencies in different species, and seems to have a 
high cutoff frequency in humans, cats and chinchillas, but a relatively low cutoff 
frequency in guinea pigs and kangaroo rats (Dallos, 1970, 1973; Dancer and Franke, 
1980). Therefore, at low frequencies, sound drive to the middle ear must travel 
through the stapes and appear as a comparable pressure at the round window. Figure 
10.3 shows a CM tuning curve in a typical animal, and BM displacement measurements 
in three animals, overlaid with the data from Schmiedt and Zwislocki (1997). This 
demonstrates that the CM tuning curves obtained in the present study follow the 
expected pattern of roll-off at low frequencies, whereas the displacement measured 
with the microelectrode increases, except in one animal where the RW was 
successfully removed, where the BM movement amplitude also rolls off at low 
frequencies. This increase in displacement response at low frequencies with the RW 
intact is consistent with pulling on the electrode shank by the moving round window 
while the electrode is in contact with the BM. After the RW was removed, the low 
frequency BM movement decreased as frequency fell, as expected from the CM tuning 
curve from this study, and from CM and BM tuning in other studies (Figure 10.4, Figure 
9.18). 

The issue of how the helicotrema influences the movement of the cochlear 
partition, and even the stapes and round window, have not received a great deal of 
consideration (except at higher audible frequencies). There is some evidence from the 
work of Marquardt et al. (2007) and Jurado and Marquardt  (2016) that there is some 
form of low-frequency (mechanical) resonance involving the cochlea and its interaction 
with the middle ear, and this very low-frequency resonance phenomenon can be 
detected in humans in psychophysical experiments (with a resonance near 40Hz). One 
possible explanation involves the interaction between the acoustic cutoff phenomenon 
of the helicotrema, and a very low-frequency resonance of the cochlear fluid against 
the oval and round windows. It would seem inescapable that at very low frequencies 
(below the high-pass cutoff frequency of the helicotrema) the mass of the fluid in scala 
vestibuli and scala tympani would bounce off the stiffnesses of the stapes and the 
round window, producing a very low-frequency resonance, but this resonance would 
be damped by the viscosity of the fluid flow through the helicotrema. There have been 
few opportunities to measure such a resonance because the techniques to measure 
such a low-frequency vibration have not been available. A simple equivalent circuit 
model for such a resonance shown in Figure 10.5. The quality factor for this resonance 
is likely to vary significantly between species, where the mechanical parameters of the 
stapes, round window and helicotrema vary (Dallos, 1970). If the cutoff frequency of 
the helicotrema were significantly higher than the resonance frequency of the cochlear 
fluid against the middle ear windows, then the helicotrema viscosity would damp the 
resonance only weakly. If, however, the cutoff frequency of the helicotrema were 
lower, near the resonance frequency itself, then the helicotrema viscosity would damp 
the resonance significantly. In the context of the present measurements, it is possible 
that in the guinea pig the helicotrema cutoff frequency is sufficiently high that the 
resonance can occur with a high Q, so that there is a significant increase in the 
amplitude of vibration of both the round window, the oval window and stapes, and of 
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the cochlear partition as well. The rise in displacement amplitudes we see may be the 
high-frequency skirt of such a resonance at a much lower frequency. More 
measurements with the microelectrode probe should clarify many of these issues. 

Whatever its cause, the RW movement artifact was unfortunate, because RW 
entry is the simplest, least damaging way to gain access to the cochlea in vivo. In 
future, the round-window artifact could be avoided by cochlear opening, although 
there would not be a clear view of the BM through the bulla opening, unlike the good 
view possible through the intact round window. Alternatively, the round window could 
be immobilized around the electrode puncture site, and/or by making a large tear in 
the round window, thereby avoiding contact of the round window membrane with the 
electrode shank. It is not known how effective the fluid meniscus alone would be in 
vibrating the electrode shank and producing the anomalous electrode response, 
although as shown earlier, the microelectrode measurement was remarkably 

insensitive to large 25m changes in meniscus depth (Figure 7.18). 

As a cross-check, the BM tuning curve in Figure 9.17 was plotted against the CM 
tuning curve for the same fixed ear bud drive. Low-frequency CM is a reliable indicator 
of sound drive to the OHCs, and is routinely used as a proxy for BM movement at low-
frequency (Manley and Johnstone, 1974; Nuttall, 1974). 

If RW movement were moving the electrode, then the movement measurement 
should be smaller when penetrating the RW towards the RW edge. Other’s have 
measured RW movement in vivo and shown a flat frequency response to at least 200 
Hz, but were limited to higher frequency measurements by the ac-coupling of their 
laser vibrometry measurement technique (Guan and Gan, 2011). The capacitance 
probe has been used for direct RW movement measurement, and could have 
presumably used below 200Hz, but only relative amplitudes were quoted, presumably 
due to the nonlinearity of the technique and tendency for low-frequency drift (Møller, 
1963). 

10.18 Measurement of ‘the low frequency bounce’  

Unfortunately, the bounce data presented here was obtained in only one animal, 
after RW removal and in poor physiological condition. As such, it was not expected 
that any slow movement in response to intense low-frequency tones would be 
representative of the mechanism a normal cochlea. A comparison of what we saw and 
what would be expected bears this out. Boltzmann analysis of CM during the LF 
bounce shows damped, oscillatory MET operating point shifts following LF exposure 
with a peak towards ST, approximately 2 minutes after the end of tone exposure 
(O’Beirne, 2005). The time course of the response in Figure 9.23 does show an 
oscillatory movement after the end of the tone, with a latency of approximately 1 
minute and in the direction of SV. This would initially appear to be inconsistent with 
the latency and direction of the LF bounce measured and modelled by O’Beirne (2005), 
likely due to the poor condition of the cochlea at that stage of the experiment. 
Because we did not measure MET operating point in this study, the possibility that 
Figure 9.23 shows static shifts of the entire organ of Corti cannot be ruled out. 

However, it is important to note that even in a healthy cochlea, the direction of 
MET operating point shifts may not follow the cell length change as measured at the 
OHC base. For example, if hair bundle angle is the controlled variable in the 
autoregulatory feedback loop, then in the extreme case, OHC cell length changes 
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would occur without any change in MET operating point. Therefore, MET operating 
point shifts would represent the difference in displacement between the applied 
displacement stimulus and the OHC length change.  

In this sense, OHC cell length change measurement may prove to be a more 
sensitive assay of perturbations to OHC autoregulation than Boltzmann analysis of CM. 
Also, displacement can be measured during the intense low-frequency acoustic 
exposure, unlike CM and CAP measurements. Preferably, BM displacement 
measurement should be done with simultaneous automatic monitoring of CM and CAP 
(c.f. O’Beirne, 2005), because, of course, OHC length changes can only be inferred if 
BM displacement and MET operating point are measured simultaneously.  

10.19 Pulse movement of the basilar membrane 
It is possible that the variability of pulse/ventilation nulling at the electrode could 

be due to real pulse movements of the BM and RW relative to the bulla. Because we 
would not expect to see real ventilation movements within the cochlea, this may have 
helped to indicate whether the residual was pulse or ventilation or a combination of 
both. Presumably, the fact that the pulse could be stabilized sometimes is enough to 
show that there is no actual pulse movement of the BM, at least in animals in good 
condition. Otherwise, it would have to be argued that in these examples the electrode 
contact angle was exactly orthogonal to the BM pulse movement. We observed CM 
biased by the pulse in one animal in poor condition towards the end one experiment 
(data not shown), which clearly indicates real pulse movement of the BM.  

Another explanation may be off-axis animal movements that remained, or were 
made larger, when the PID stabilization was on. Reduction of front-back ventilation 
movement with the forehead leaf springs (see Section 5.26) reduced but did not 
eliminate the problem. Active stabilization in the vertical direction may cause the 
three-dimensional orbit of the animal’s skull to change, producing an off-axis 
movement that the microelectrode tip is sensitive to, depending on the geometry of 
the electrode contact on the surface at a sub-microscopic level. 

The question of whether or not there is mechanical movement of the BM with 
pulse is also of interest and able to be measured with the electrode technique.  The 
lack of CM to pulse in silence, and the absence of modulation of CM by pulse indicates 
that the OHC MET are not biased by pulse movements of the BM, except in animals in 
poor condition, low heart rate and low blood pressure. There are two possibilities as to 
the mechanism for this: 

(a) pulse pressure is not transmitted to the cochlear fluids because of low-pass filtering 
of blood supply to the cochlea, and/or action of the helicotrema, or 

(b) auto-regulation of OHC operating point actively compensates for pulse-evoked BM 
movement.  

(c) If OHC somatic motility were actively regulating OHC MET operating point in 
response to pulse pressure within the cochlear fluids, then pulse-by-pulse movement 
of the BM would be measureable from the ST side. If this were occurring, pulse-
evoked BM movement would be measureable on the BM, even during active 
stabilization of whole-head pulse movement. 
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10.20 Could the technique measure high-frequency tuning curves? 

As shown in Figure 7.19, the 5MOhm microelectrodes can measure high frequency 
displacements out to approximately 16kHz, limited by the electrical corner frequency 
of the microelectrodes themselves. DC current injection is required for high frequency 
movements, because the bandwidth of HF displacement measurement is limited by 
the frequency of the AM injection (Nyquist, 1932). Tuning curve displacement 
measurement with dc current injection would be limited by CM contamination 
(Section 10.2). The displacement signal would be just large enough to produce a 1:1 
displacement to CM ratio by injection of approximately 80nA DC, assuming that the 

typical resistance modulation of 3%/m could be doubled by moving slightly further up 

the electrode transfer curve, taking the sensitivity from 150 Ohm/nm (3%/m at 

40nApp injection) to 750 Ohm/nm (6%/m at 80nApp).  

10.21 Future uses of the technique & implications 

The utility of the microelectrode and stabilization technique presented here opens 
up many new avenues for auditory research. The understanding of OHC autoregulation 
is essential for understanding the pathophysiology and differential diagnosis of 
autoregulatory disorders clinically (e.g. Menière’s syndrome). The technique allows the 
direct measurement of slow BM displacements, including slow OHC somatic motility, 
should it exist in vivo. Although there is persuasive electrophysiological evidence for 
slow prestin- and calcium-controlled somatic motility in vitro, all existing measurement 
techniques lacked the displacement-sensitivity, the resolution and the stability 
required. 

Also, while the modeling of O’Beirne (2005) and O'Beirne and Patuzzi (2007) 
assumes somatic motility rather than hair bundle adaptation, the existence or 
otherwise of slow somatic motility should be of interest, because slow OHC length 
changes will bias the operating point of either motor process. By using the electrode 
under nanometre-control as a mechanical hair cell prod should allow adaptation (or 
lack thereof) of the CM to a step stimulus to be observed in vivo.  The technique also 
allows quantification of static BM shifts caused experimentally (e.g. endolymph 
injection), and could also be used elsewhere (e.g. the vestibular system). 

Another important aspect of the technique is its ability to make these 
measurements in vivo. The importance of measuring in vivo is outlined in Chapter 1. 
This applies not only to studies of autoregulation, where the autoregulatory process 
must remain intact and functional, but also to maintain the normal mechanical loading 
of the outer hair cells within the organ of Corti. Removing the mechanical loading of 
the outer hair cells from surrounding structures will inevitably change their mechanical 
and electrical behaviour (e.g. membrane capacitance), since they are piezoelectric 
elements. Furthermore, in vitro, the differences in bathing solution at the apex and 
base of hair cells is generally lost, which must inevitably alter resting membrane 
potential.  

Finally, the technique has much wider applications in neuroscience and 
displacement-sensing generally. The active stabilization described here should allow 
intracellular recordings and extracellular spike recordings to be held for tens of 
minutes, at least. The electrode technique could also be used anywhere in biology 
where displacements of a wet surface need to be measured. The technique is also 
useful in vitro, where slow thermal drift occurs over many minutes. More generally, 
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the passive thermal, electrical and mechanical drift and vibration reduction strategies 
described here should allow improvements to any in vivo or in vitro experimental set 
up. 
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12 Appendix

Circuit diagrams  for system components 

A1. Analog PID controller with P, I and D controls, soft-on log control & switches 

A2. Voltage command amplifier for the PID controller including DC offset 

A3. Optic post-amplifier with switchable gain (x1 and x10) & feedforward null input 

A4. Optic photodetector with offset trim 

A5. LED current drive circuit with gain control (2mA to 200mA) 

A6. Feedforward control circuit with null adjustment and DC control 

A7. Thermo-regulator control circuit to drive Peltier device 

A8. Simple capacitance probe with 100kHz carrier frequency 

A9. Interconnection of circuit subsystems 





  

Figure A1. The analog PID controller (proportional/integral/derivative). The first op amp acts as an error amplifier, comparing the command signal with the incoming optic 

probe displacement signal (the small feedback capacitance suppressed radio interference and very high-frequency noise only). The next three op amps were the proportional 

(top), derivative (middle) and integral (bottom) op amps, with their outputs switchable to the final summing amplifier. Each's contribution to the net feedback was altered 

with the three variable resistors in line with the on/off switches. Note that a shorting switch was also placed across the integrating capacitor in the integral circuit, to 

discharge the capacitor when this op amp was out of the feedback process, otherwise the integral op amp ramped up to a supply rail when not in use, and caused a large 

transient when turned on again. At the output of the complete PID controller was an overall on/off switch for PID feedback, and also a logarithmic variable resistor to allow a 

"soft" or "graded" turn on of the PID feedback to prevent the onset transient from jolting the optic probe's contact. A stable displacement clamp was more attainable with 

the soft turn-on process (output resistance set high so loop gain low, PID turned on at output switch, then output resistance reduced to zero). The OP07 chips used had a high 

slew rate and a high supply voltage to provide the widest dynamic range for the PID feedback. 



 



  

Figure A2. The voltage command signal to the PID control circuit in Figure A1 was amplified and offset by the PID command amplifier. The circuit used a low-noise 

instrumentation amplifier (INA121), with its offset adjustable from a potentiometer across a zener-diode regulated reference voltage, and buffered by an ultra-low-noise op 

amp (OP275), as suggested by the INA121 manufacturer's Application Note. The output of the command amplifier was buffered by another OP275 amplifier. 



 



 

  

Figure A3. The optic probe post-amplifier. The signal from the optic probe within the sound proof room was buffered and amplified by a post-amplifier outside the room. 

It had two amplification channels: one low-gain INA121 instrumentation amp without DC offset (top), and one high-gain INA121 instrumentation amp with DC offset 

(provided from a potentiometer across a zener-diode regulated reference voltage and buffered by an ultra-low-noise OP275). The output of the high-gain instrumentation 

amplifier went through a further post-amplifier (OP275) with switchable gain (x1, x10), so that a low-gain and a very high gain version of the optic signal was available. The 

input to the high-gain instrumentation amplifier also had a scaled version of the feedforward signal subtracted from the optic probe signal, so that the feedforward signal 

was pre-emptively removed from the negative PID feedback process (otherwise the feedback would oppose the feedforward signal, rendering it ineffective). This 

feedforward nulling process was adjusted manually on the feedforward circuit so that the feedforward signal did not appear at the output of the optic post-amplifier. 



 



 

  

Figure A4. The photo-detector pre-amplifier. The two photo-diodes of the BPX48 shared a common cathode which was connected to earth, and their anodes were each 

connected to the differential inputs of the high-performance AN8429 instrumentation amplifier (thereby operating in photo-voltaic mode). The input resistors to ground at 

each differential input were low (55 Ohm) to reduce Johnson noise at the instrumentation amplifier input, and the reduced photodiode output caused by this loading was 

compensated by the chosen high gain of the AD8429 (10 Ohm gain resistor gave a gain of x600). With these values, the output noise of the AD8429 was dominated by the 

photodiode and input light noise, rather than by the Johnson noise of the input resistors or the voltage and current input noise of the AD8429, or the chips output voltage 

noise. DC offset of the AD8429 was adjusted to zero with a ten-turn trimpot fed from a decoupled voltage divider from the circuits +/-18V regulated power supply (back-

to-back tantalum capacitors provided the decoupling). This DC offset voltage was buffered by an ultra-low-noise OP275 amplifier. The bandwidth of the preamp was DC to 

near 50kHz, as determined by driving the photodiodes with a sinusoidally modulated light source, with one photodiode partly obscured to provide a dominant differential 

input. The final 430 Ohm output resistor was a high-frequency blocking resistor close to the AD8429 output pin to damp spontaneous oscillations of this high performance 

chip. 



 



 

  

Figure A5. The final LED drive circuit for the optic probe illumination. The current through the LED was monitored by amplifying the differential voltage across the 

three resistors and microammeter in series with the LED, which was used to adjust the series current through the BC337 PNP buffer transistor (the OPO7 error amp 

did not have sufficient drive to supply the 200mA of current required for full illumination). The 100 Ohm variable resistor in series with the LED provided a full 

current adjustment (200mA), and the 10 kOhm variable resistor at the inverting input of the OP07 provided the current adjustment (from 2mA to 200mA). This 

circuit topology allowed the cathode of reverse gull wing infrared LED to be earthed, so that the cathode leads could act as a heatsink for the overdriven LED. An 

earlier drive circuit had the LED floating relative to earth, and heatsinking to earth was not possible. 



 



 

  

Figure A6. The feedforward circuit. A feedforward command signal was fed to a control amplifier  with DC offset (1/2 LM833, bottom of diagram and similar to the PID 

command amplifier), and this was fed to the adjustable feedforward nulling amp (1/2 LM833) and then to the optic post-amplifier, and also to the feedforward power amplifier 

(upper LM3876 chip) which provided the high drive current to the V4 actuator. The current output to the actuator was monitored using a 65 Ohm series resistor, with the 

voltage across it amplified by an INA121 error amplifier and fed back to the power amp as negative feedback (so stabilizing output current). Because the output noise of the 

LM3876 chip was too high, the output current was attenuated with a parallel resistance (6.8 Ohm) before supplying the V4 actuator via a 7.3 Ohm series resistor (the V4 

resistance was about 1.4 Ohm). All output wires were large-diameter low-resistance leads to minimize earth loop problems. 



 



 

  

Figure A7. The temperature control circuit maintaining the WPI headstage temperature. The inset shows the temperature control components placed around the 

headstage unit, and then surrounded by heatsink compound and encased in silicone for thermal insulation (shown looking at input of WPI headstage). Three temperature 

sensors (LM336) were connected in series to increase sensitivity of the system and to average temperature around the headstage. The varying sensor voltage was 

compared with a preset trimpot voltage to produce the error signal, which was then amplified further and fed to a power amplifier to provide bipolar current to a Peltier 

heating/cooling device to maintain headstage temperature by negative feedback. The Peltier device required a heatsink exposed to ambient temperature to cool. Also 

included within the silicone encapsulation was a 20MOhm test resistor (connected to the headstage input manually), and a 20kOhm series resistor for electrode 

resistance calibration, itself shunted by an opto-coupled FET controlled by a wire from outside the room which provided power to the control LED within the optoFET. 



 



 

  

Figure A8. The simple capacitance probe circuit used to investigate the 3D head movement due to pulse and ventilation. A 100kHz sinusoid was injected into the differential 

inputs of a high-frequency instrumentation amplifier (AD8429) via a finite resistance to each input (the two halves of the 1MOhm trimpot used to balance the input of the 

differential inputs). Each differential input was partially attenuated by the input capacitance at each input, dominated by the reference trim capacitor at the non-inverting input, 

and the probe tip capacitance at the inverting input. The differential signal (which depends on the measured capacitance) was amplified and rectified by the following precision 

rectifier circuit, producing a signal that was then amplified and low-pass filtered to produce a baseband output that was approximately proportional to the measured 

displacement for small displacement (actually inversely proportional for large displacements). 



 



 

  

Figure A9. Interconnection of the circuit sub-systems. 
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