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ABSTRACT 
This  article  develops  a  new  human-machine  perception 

interface  method  to  convert  visual  patterns  to  accurate  eddy-
current  stimulation  using  an  electromagnet  (EM)  array.  The 
eddy-current  stimulation  is  formulated  as  a  feedforward 
controller  design.  In  this  paper,  a  state-space  model  for  the 
eddy-current  stimulation  is  derived  for  design  and  analysis  of 
the controller. Unlike traditional methods where the distributed 
parameter  systems  are  often  modeled  using  partial  differential 
equations  and  solved  numerically  using  numerical  methods 
such as finite element analysis, the model presented here offers 
closed-form  solutions  in  state-space  representation.  The  novel 
approach  enables  the  applications  of  the  well-established 
control  theory  for  analyzing  the  system  controllability.  The 
feasibility and accuracy of the feedforward control method are 
numerically  illustrated  and  validated  by  generating  the 
stimulation  with  two  types  of  patterns,  which  provides  an 
essential base for future research of human-machine perception 
interface.   

INTRODUCTION 

1

The  neural  interface  between  the  brain  and  electronics  or 
machines  are  attracting  more  and  more  researchers’  attention 
with the increasing demands of human-machine interactions [1-
4].  This  interface  performs  as  a  translator  which  converts 
between the electrochemical signals/language used by neutrons 
in  the  nervous  system  and  the  digital  signals/language  of 
information technology. This work has the potential to not only 
help  deepen  scientists’  understanding  of  neural  organ’s 
underlying  biology,  complexity  and  function,  but  also 
eventually  lead  to  new  treatments  for  people  living  with 
movement and sensory deficits. 

In  perspective of  the direction  of  the  information  flow,  the 
applications of brain-machine interface can be divided into two 

categories:  1)  Electronics/machines  acquire/record  neural 
signal  from  brain  (in  terms  of  bioelectricity  or  biomagnetism) 
[1,5,6];  2)  Electronics/machines  transmit  computer-generated 
signals  to  brain  [7,8].  The  former  category  can  ‘read’  human 
mind by acquiring brain signals and control machines whereas 
the  latter  makes  human  ‘sense’  the  information  provided  by 
implanted  or  external  devices.  Meanwhile,  considering  the 
mechanism  of  the  information  exchange  between  brain  and 
machine,  the  applications  can  also  be  classified  into  two 
groups. The first group records neutrons bioelectrical activities 
or  stimulates  neutrons  electrically  by  implanting  electrical 
devices to human brain invasively [1,9]. Although the invasive 
implantation  will  ensure  high  quality  of  information 
transmission,  the  devices,  especially  for  those  implanted  into 
human  body,  should  be  compact,  bio-compatible  and  reliable. 
Meanwhile,  the  surgery  for  the  device  implantation  is  painful 
and  probably  leads  to  inflammation  and  other  complications. 
Any  update  or  malfunction  of  the  device  will  result  in  re-
implanting  devices.  Thereby,  applications  of  the  second  group 
with noninvasive transmission utilizing electromagnetic field as 
media  are  also  developed  [7,10,12].  One  good  application  is 
Transcranial  Magnetic  Stimulation  (TMS)  [13-15],  which 
activates or suppresses regions of the nervous system (such as 
human  brain)  through  exposure  to  the  time-varying  magnetic 
fields  generated  by  EMs  or  EM  arrays.  This  method  can 
provide  not  only  an  approach  to  analyze  the  interaction 
mechanism  of  electrical  currents  with  the  neural  systems,  but 
also  a  diagnosis  and  treatment  of  psychiatric  disorders, 
movement and sensory deficits.   
An  extension  of  TMS  method  is  to  replace  the  eye 

prosthesis  which  electrically  stimulates  the  retinal  neurons  by 
implanting  microelectrode  arrays  invasively  [16-18].  By 
placing  EM  arrays  above  the  eye  to  generate  time-varying 
magnetic  fields,  the  retinal  neurons  can  be  stimulated 
noninvasively  [19,20].  The  schematics  in  Fig.  1  illustrates  the 
conceptual design of the retinal stimulator to assist the visually 
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impaired  person  interpret  surroundings.  With  the  images  of 
surroundings  captured  by  the  camera  integrated  into  glasses, 
the system extracts concise information and transmits to human 
by exciting an EM array placed above human eyes to stimulate 
the retinal noninvasively. 

 
FIGURE 1 CONCEPTUAL DESIGN OF RETINA STIMULATOR   

Although  noninvasive  transmission  can  avoid  the 
disadvantages  of  contact  transmission  mentioned  above,  the 
transmission quality is relatively low and it is difficult to ensure 
the  source  and  target  of  the  transmission.  The  method  for 
accurate  noninvasive  transmission  has  not  been  successfully 
achieved  yet.  Especially  for  the  application  of  noninvasive 
retinal stimulation, a method to generate accurate stimulation of 
a  certain  pattern  interpreting  surroundings  is  urgently  desired. 
The  existing  method  can  only  stimulate  the  retinal  neutron 
point  by  point  (eddy-current  scanning)  to  transmit  images. 
Although the location of the stimulation point can be precisely 
controlled, the focality of eddy current is not good, and it is not 
time-efficient to scan the whole retinal just for one image [20]. 
Meanwhile,  most  researchers  analyze  the  noninvasive 
transmission  based  on  numerical  methods,  such  as  finite 
element method (FEM), which limits the application scope and 
calculation efficiency. 
Motivated  by  the  emerging  applications  of  neural  human-

machine  perception  (such  as  prosthetic  eyes)  and  the  existing 
barriers  mentioned  above,  this  paper  introduces  a  distributed-
parameter  control  system  using  electromagnetic  images 
stimulation  for  human-machine  perception  interface.  The 
remainder of this paper is as follows. 
1) The  problem  of  the  electromagnetic  images  stimulation  is 
formulated as a feedforward controller design. A state-space 
model for the eddy-current stimulation is derived for design 
and analysis.   

2) With  the  state-space  model,  the  transfer  function  of  the 
system  plant  consisting  of  an  EM  array  and  conductor  is 
derived and the controllability of this system is analyzed by 
determining the row rank of the controllability matrix. 

3) Based on the pre-knowledge (closed-form solutions) of the 
plant,  the  feedforward  controller  is  designed  and 
represented  with  transfer  function.  The  feasibility  and 
accuracy  of  the  control  method  are  numerically  illustrated 
and  validated  by  generating  the  stimulation  with  two  types 
of patterns.   

EDDY-CURRENT STIMULATION USING EM ARRAY 
The  schematics  in  Fig.  2  illustrates  an  eddy-current 

stimulation system, which can be abstracted and manifested as 
a  typical  forward  control  system  containing  a  forward 
controller and system plant. The plant consists of an EM array 
with NC  EMs  and  a  non-ferrous  conductive  plate.  Given  an 
ideal eddy-current pattern represented using ideal eddy current 

density  (ECD) J

,  which  is  extracted  from  a  picture,  the 

controller  estimates  the  excitation  current IE for the EM array 
to  generate  the  eddy  current  inside  the  conductor.  By  placing 
the  EM  array  at  the  center  of  the  place  with  the  EM  axis 
perpendicular to the conductor surface, the boundary effects of 
the conductor will be simply ignored and the distribution of the 
eddy  current  will  be  purely  determined  by  the  controller.  The 
design  of  forward  controller  is  based  on  the  previous 
knowledge of the plant and consists of two steps: 1) determine 
the  needed  electromagnetic  energy  for  a  desired  eddy-current 
stimulation.  2)  estimate  the  current  input  of  the  EM  array  to 
supply the needed electromagnetic energy. 

ir

P s  GC s  G
Ĵ JEI

Ĵ

EI

J

 
FIGURE 2 SCHEMATICS OF THE STIMULATION SYSTEM 

Theoretical Modelling of Eddy Current 
Assume  the  conductor  is  evenly  discretized  into NE 

elements  with  their  locations  denoted  by  the  displacement 
vector ri where i=1,  …, NE,  as  shown  in  Fig.  2.  Referring  to 
Ohm’s  law  and  Maxwell’s  equations  ,  the  governing  equation 
of  an  induced  ECD Ji in the ith  element  with  volume υi,  the 

electrical  conductivity  , ,i ix iy izdiagσ    and  permittivity 

 , ,i ix iy izdiagε      can  be  expressed  in  terms  of  vector 

potentials  due  to  an  external  excitation  and  its  neighboring 
elements  in  (1),  where Asi  and Aki  are  the  magnetic  vector 
potentials generated by the external source and neighboring kth 
element respective at the ith element, i, k = 1, …, NE. 

1

, where 
EN

i i i  i  si  ki
kt 

 
   

 
J σE E A A

2

 (1) 
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   A1 A2ki ik k ik kr r A η j η j  referring to (A.6) in Appendix A, 

i iij J  is  the  current  source  in  the ith element. A1 and A2 

are  the  kernel  functions  of  the  vector  potential, rik is the 
distance between the centers of the ith and kth element. 

   A1 = , , 4ik ix iy iz ikr diag rη     , 

   A2 = , , 4ik ix ix ix iy iy iy iz iz iz ikr diag rη        . 

Simplify  (1)  by  representing Aki  using jk, A1  and A2 and 
assemble all NE elements, 

        2 1 2 1A A A A    PJ +η J+ η η J η J    (2) 

where  
T

3 1
1

E

E

N
i N

    J j j j   ,   = sA
  

      
T

3 1
1 2

E

E

N
s s s s N

   
 

A A r A r A r   

   3 3
1,  ,  , ,  ;E E

E

N N
i Ndiag P P P P    

   33 1 , 1 ,1  ;i ix i iy i iz idiag P      
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
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，
 

sA
  accounts  for  the  external  excitation  that  may  be  a 

time-varying  magnetic  field  or  relative  motion  between  the 

conductor and the field; [Aη] characterizes  the  corresponding 

motion  that  may  be  due  to  the  deflection  of  the  conductor 
element  and  [P]  accounts  the  non-uniform  distribution  of  the 
electrical conductivity and element volume. 

Control of Excitation Current 
Given  the  desired  eddy-current  distribution J,  the  needed 

electromagnetic  energy  or  input   in  (2)  is  provided  by  the 

EM  array. k,  the  contribution  of  the k
th EM with the 

excitation current IEk, is represented using (3). 

k sk EkIA   (3) 

where  3 1EN
sk

A    represents the  vector  potential  at  all NE 

elements generated by the kth EM with unit excitation current. 
Apply (3) for all NC EMs and assemble the equations in matrix 
form: 


1

CN

k E
k

  QI    (4) 

 3
1 2where =E C

C

N N
s s  sk  sN

    Q A A A A    

T

1 2 CE E E  Ek  ENI I I I  I   . 

Controllability Analysis 
This stimulation system is a typical multi-input and multi-

output  control  system,  where  the  excitation  current IE  and  the 
eddy  current  distribution J are the input and output 

respectively.  By  substituting  (4)  into  (2)  and  rewriting  the 
equation,  the  ECD  field  can  be  estimated  using  state-space 
representation. 

 = EJ αJ βI   (5) 

where        
T T 1

2, , ,A


        J J J β 0 γ γ η Q   


 

          1 1

2 1 2 1 2

= .
+ +A A A A A

 

 
 
   

0 I
α

η P η  η η η 
 

As a continuous linear time-invariant system represented in 
(5),  the  system  controllability  can  be  analyzed  by  determining 
the row rank of the controllability matrix given by   

      

 

2 6 1

ˆ ˆ     

EN  
 

   

R β α β α β  α  β

M N M N


 (6) 

where       
2 2 6 16 36 EE E

NN N    
 

M I α α α   

   
236 6

6

, , ,E E C

E

N N N

N

diag

 
  
 
 

N β β β 
  

, 

   
2 6 16 18ˆ ˆ ,EE E

NN N         
M I λ λ   

   
218 6

6

ˆ , , ,E E C

E

N N N

N

diag
 
    
 

N γ γ γ 
  

 

̂
Iandλ


are constructed by the right 3NE columns of [I] and 

α

, 1, 2, , 6 1;EN     With  the  structure  of  the  matrices, 

the rank of̂  M and̂N are calculated as below: 

 ˆrank 6EN  M ,     ˆrank 6 min 3 , rankE EN N N Q . 

From  Sylvester’s inequality,  the  rank  of  [R]  satisfies  the 
following two inequations: 

      ˆ ˆrank min rank , rank 6EN     R M N  

     
   

2ˆ ˆrank rank rank 18

                6 1 min 3 , rank 3

E

E E E

N

N N  N

      

  

R M N

Q
 

The  system  is  controllable  if  rank([R]) = 6NE,  which  can  be 
satisfied  only  if  rank([Q])  =  3NE.  The  necessary  condition  for 
the  controllability  is 3C EN N .  For  some  applications,  such 

as  retinal  stimulation,  extreme  accuracy  of  stimulation  control 
is desired, but not seriously required. Thereby, even if there are 
no enough EMs, the stimulation patterns may still be acceptable 
by human for surrounding interpretation.     
Controller Design 
With  the assumption  of  zero  initial  condition,  the  transfer 

function  of  the  plant GP(s

3

)  is  derived  by  doing  Laplace 
Transform of (2) and (4). 
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  
1

P s s s


      G K Q  (7) 

where          2
2 1 2  1A A A  As s  s      K η  η η  P η   

By  substituting  (4)  into  (2),  the  time  derivative  of 

excitation  current  for  the  EM  array EI
  is  mathematically 

expressed  using  (8)  with  the  assumption  that  3NE>NC,  and 
rank([Q]) = NC. 

 
         

1T T

2 1 2  1       

E

A A A  A





  

I Q Q Q

η J+ η η J η P J

 

  
 (8) 

By  replacing  ECD J with ideal ECD Ĵ  in  (8),  the 
forward-loop controller is derived after Laplace transform. 

   
1T T

C s s s


      G Q Q Q K  (9) 

Ideally, the output J would be identical to ̂J, which make 
the  overall  transfer  function  [GT(s)]  to  be  an  identity  matrix. 
However, with the transfer functions of the controller and plant 
expressed  in  (7)  and  (9),  the  actual  overall  transfer  function 
[GT(s)] is derived, which is not an identity matrix. 

  

   
11 T T

            

T P Cs s s

s s


        

      

G G G

K Q Q Q Q K
 (10) 

Thereby,  even  with  the  controller  designed  using  (9),  an 
arbitrary  eddy-current  stimulation  is  not  guaranteed  by 
controlling  the  excitation  current.  The  desired  eddy  current 
should  satisfy  certain  physical  laws,  such  as  charge 
conservation and continuity. Meanwhile, the limited number of 
EMs  (or  pseudoinverse  ([Q]T[Q])−1)  will  make  the  results  an 
optimized fit in the least-squares sense. 

NUMERICAL INVESTIGATION AND DISCUSSION 
Assume  the  electromagnetic  system  operates  in  magneto 

quasi-static  (MQS)  conditions: 82 1 310oLf     

where  and µ are the permittivity and magnetic permeability of 
the  conductor; f  is  the  operating  frequency,  and Lo is the 
characteristic length of the system. The kernel functions ƞA2 in 
(A.6) can be ignored. The conductor is assumed isotropic, free 
of  deformation  and  no  relative  motion  between  the  conductor 
and EM array (no time derivative terms). Thereby, the transfer 
function of the controller can be simplified as below: 

     
1T T

1C As s s


   G Q Q Q η P  (11) 

With  the  assumption  mentioned  above,  the  eddy-current 
stimulation  system  has  been  numerically  investigated  in  this 
section. An EM array with 5×5 EMs illustrated in Fig. 3 is 
placed  above  a  conductive  plate  (size:  90×90×1,  unit:  mm) 
made of aluminum with the EM axis perpendicular to the plate. 
The  details  are  represented  in  Table  I. Io and N  represent  the 
amplitude  of  the  excitation  current  and  number  of  turns 
respectively.  The  top  surface  of  the  plate  is  located  at zC = 
5.5mm.  The  conductor  is  evenly  divided  into  small  elements 
with the size 1.5×1.5×1, unit: mm.   

 
FIGURE 3 SCHEMATICS OF EM ARRAY 

Table I. Parameters of the EM 

ai 3.75mm Io 1A 
ao 6.5mm N 60 # 
a  2mm zC 5.5mm 

Considering  the  eddy-current  properties,  assume  the 
desired pattern of the eddy-current stimulation is a closed loop 
and the current flowing in the loop is sinusoidal with frequency 
f = 1kHz. Each point on the loop has the same current density 
without phase shift. The matrix rank of the pre-calculated [Q] 
with the given conditions is equal to the number of EM. Two 
types  of  patterns  have  been  analyzed:  1)  patterns  with  regular 
shapes, 2) patterns extracted from images. 

 
FIGURE 4 STIMULATION FOR ELLIPSE PATTERNS 

Patterns with Regular Shape 

4

Assume  the  desired  patterns  of  the  eddy-current 
stimulation have regular shapes, such as ellipses and rectangles 
with  the  centers  located  at  the  origin  of  the  local  coordinate. 
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Ellipse  patterns  have  the  function  of    
2 2

1xa yb  , 

where a  and b  are  the  half  length  of  the  principal  axes.  Four 

corners  of  the  rectangular  patterns  are  located  at  , c d  . 

Given the desired stimulation patterns (ellipses and rectangles) 
represented using red curves with arrows in Figs. 4  and  5  and 
system parameters, the controller is designed using (11) and the 
current  inputs  for  the  EM  array  are  estimated.  Figs.  4  and  5 
manifest  the  eddy-current  stimulation  for  the  ellipse  and 
rectangular patterns with the estimated current inputs. 
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FIGURE 5 STIMULATION FOR RECTANGULAR PATTERNS 

Patterns Extracted from Images 
For  certain  applications,  such  as  retinal  stimulation,  the 

desired  patterns  need  to  represent  object  contours  extracted 
from images, which may not have regular shapes. As shown in 
Figs. 6 (a) and (b), the contours of a computer mouse and tree 
are extracted  as  the  ideal  eddy-current  patterns  represented  by 
red curves. Using the same methods for the regular shape cases, 
the current inputs of the EM array are estimated. To analyze the 
effect  of  the  EM  array,  a  new  EM  array  consisting  of  10×10 
EMs  is  utilized.  The  inside  and  outside  diameters  of  the  new 
EM are  half of  the original  EM, which make  the  old  and  new 
EM  array  cover  the  same  area.  The  matrix  rank  of  the  pre-
calculated [Q] with the new conditions is equal to the number 
of EM. Figs. 6 and 7 show the distribution of the eddy current 
and its intensity for the old and new EM array respectively.   
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FIGURE 6 STIMULATION FOR IMAGE PATTERNS (25 EMS) 
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FIGURE 7 STIMULATION FOR IMAGE PATTERNS (100 EMS) 
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Results Analysis and Discussion 
Some  observations  can  be  made  from  the  simulation 

results from Fig. 4 to Fig. 7. 
− The 5×5 EM array can successfully generate eddy-current 
stimulation similar to the given regular shape patterns and 
the patterns extracted from images.   

− Instead  of  being  a  single  current  loop  represented  by  the 
red  curve,  the  generated  eddy-current  stimulation  covers 
all the target and generates high intensity of eddy current at 
desired locations. 

− The simulation results of the regular shape cases are better 
than  those  of  the  image  cases  due  to  the  limited  number 
and regular layout of EMs. 

− By  increasing  the  density  of  EM  in  the  EM  array  (10×10 
EMs),  more  accurate  eddy-current  stimulations  are 
generated as illustrated in Fig. 7. 

CONCLUSION 
This  article  has  developed  a  new  human-machine 

perception  interface  method  to  convert  visual  patterns  to 
accurate eddy-current stimulation using an electromagnet (EM) 
array.  By  discretizing  the  conductor,  the  state-spacing  model 
for eddy-current stimulation is derived for design and analysis. 
The transfer function of the system plant consisting of an  EM 
array  and  conductor  is  obtained  and  the  controllability  of  this 
system  is  analyzed  by  determining  the  row  rank  of  the 
controllability  matrix.  Based  on  the  pre-knowledge  (closed-
form  solutions)  of  the  plant,  the  feedforward  controller  is 
designed  and  represented  with  transfer  function.  Numerical 
investigation  has  demonstrated  that  this  method  can 
successfully  generate  eddy-current  stimulation  given  regular 
and  irregular  patterns  at  desired  locations  and  the  accuracy  of 
the  stimulated  patterns  increases  with  the  increase  of  the  EM 
number. 
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APPENDIX A 
Electromagnetic Model with Displacement Current 
Assume  a  non-magnetic  conductor  is  placed  in  the  space 

filled with time-varying magnetic field and there is no external 
current  inside  the  conductor.  Applying  Maxwell’  equation 
inside the conductor domain: 

1

t


  



D
B J


 (A. 1) 

where B  is  the  magnetic  flux  density  (MFD), J  is  the  ECD 
inside  the  conductor, D  is  the  displacement  field  with  the 
expression D E , and  are  the  permeability  and 

permittivity of the conductor respectively. 
MFD  can  be  represented  by  the  magnetic  vector  potential A 
using (A.2): 

B A (A. 2) 
Substituting  (A.2)  into  (A.1)  with D E and  Ohm's  law 
( J E ), 

1
  where P P

 
     
 

A J J J J，


 
 (A. 3) 

Here, JP  is  named  equivalent  current  density.  With  the 
condition of 0 A , (A.3) can be simplified as below, 

2 = P A J  (A. 4) 

The  magnetic  vector  potential A(r)  at  location r  generated  by 
the  current JP  in  the  small  volume V’  can  be  calculated  by 
solving (A.5). 
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V dv
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J r

Ar
r r
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
 (A. 5) 

With  the  assumption  that  the  dimension  of  the  volume  is 
relatively  much  smaller  than  the  distance  between r  and  the 
volume, A(r) can be approximately expressed with (A.6) [21]. 

  A1 A2
4

PV V R R
R
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 (A. 6) 

 A1 A2where  = , = ,
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 
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1

R
 e r r, r

7

is the location of the center of the volume. 
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