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A knowledge  of ink temperatures is important in 
thermal  transfer printing technologies.  This 
paper  reports  on  an  experimental  technique 
which  uses  an infrared radiometric  microscope 
to measure  the  temperature  of  ink  deposited  by 
the resistive ribbon  process  on  transparent 
substrates. A detailed  examination  has  been 
made  of  the spatial and  temporal profiles of ink 
temperatures as a  function  of  input  current, 
printing speed,  substrate  materials,  and  number 
of active electrodes. The results on a  @Kapton 
substrate  permit  estimation  of  the  ink 
temperatures  reached  during printing on  paper. 
The  peak  ink  temperatures  are  observed to 
depend  linearly  on  input  current  and  inversely 
on  an  approximately  linear  function  of  writing 
speed  from 2 to 8 inches  per  second.  Based on 
a  phenomenological  model,  these  results lead to 
a  functional  relationship  among  speed, print 
current,  and ink temperature  during  printing.  The 
model  permits  projections to be made  of  the 
current  required  over a wide  range  of printing 
speeds. 

1. Introduction 
Thermal transfer  (T2) printing has  emerged as  one of the 
leading nonimpact  printing  techniques for low-end 
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applications  because of its  simplicity, high reliability, and 
quietness. The serial T2  printer [ 11 is limited  in speed by the 
time  constant of the  thermal head. This has led to  the 
development of the  T2 line printer for higher speeds of the 
order of  a few pages per minute [ 11. The  development of 
resistive ribbon thermal transfer  printing [2-61 has greatly 
improved  the  inherent speed  cabability  of  a serial head, 
which is limited  in the  T2  printer by the large thermal  time 
constant of the massive head.  Moreover,  it allows quality 
printing  on a wide variety of papers at speeds which are 
competitive with those  of wire matrix  impact printing. 

thermal  transient within the resistive ribbon itself which 
effectively softens the  ink, thereby  reducing the  shear 
strength of the localized heated area of the ink and causing  it 
to transfer to  the paper. The strength of the  bond between 
hot  ink  and  paper fibers depends  on  the head  pressure and 
the peak temperature of the softened  ink during  the  thermal 
pulse. Further,  the  area of the printed element also depends 
on  the ink temperature.  Thus  the  control  and knowledge of 
ink  temperatures  are  important in understanding  and 
improving  the reliability and performance  of  this technology. 

This  paper presents  a  detailed  report  of dynamic 
measurements of  ink temperatures  in  thermal transfer 
printing technology. The  experimental  technique involves 
using an infrared (IR) radiometric microscope to measure 
the  temperature of  ink  deposited by the resistive ribbon 
process on a transparent substrate.  Detailed measurements 
were made of the spatial and  temporal  temperature profiles 
of ink  during printing. Further,  the peak ink  temperatures 
were measured as a function of the  input  current, printing 
speed,  substrate  materials, and  number of active electrodes. 
The  dependence  on  input  current  and printing speed is 

The resistive ribbon printing process involves  generating a 
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explained on the basis  of a phenomenological model of 
three-dimensional heat conduction with  moving  heat 
sources. This model permits projections to be made of the 
current required for  achieving equivalent ink temperatures 
over a wide  range  of printing speeds. 

2. Experimental  techniques 
The ink temperature measurements were made with a 
Barnes infrared radiometric microscope and an experimental 
robot capable of varying print current and printing speed 
over a fairly  wide  range. The experimental apparatus is 
shown  schematically in Figure 1. The microscope  consists of 
an objective (with 1 5 ~  magnification) for collecting  target 
energy, a visible  light channel equipped with an eyepiece  for 
viewing the target, and an infrared optical channel which 
includes a liquid nitrogen  dewar and an indium antimonide 
detector. The robot consists of a printhead mounted on a 
moving ribbon cartridge, and a flat platen with a slot cut out 
for an IR transmitting window. The robot permits printing 
on the transparent window  while the IR  microscope  is 
focused on the window-ink interface. Infrared emission  from 
the hot ink is measured by the microscope  with a spatial 
resolution of 35 pm. The printhead has a flat  edge on which 
there is an array of tungsten electrodes approximately 2 mils 

510 (50 pm) wide arranged with a center-to-center spacing of 
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approximately 4 mils (100 pm). The electrode tips are in 
pressure contact (- 150  kg/cm*)  with the ribbon as the 
printhead is pushed  against the platen. The contact area is 
estimated to be nominally 46 X 50 pm2 for a new head; it is 
expected to vary  with  age and the condition of the head. The 
resistive ribbon consists of a carbon-loaded (conducting) 
polycarbonate layer approximately 15 pm thick, a thin 
aluminum layer (- 100 nm) acting as the ground return 
plane for the current, and an ink transfer layer  which  is 4 to 
6 pm thick. 

The IR transmitting substrate in this experiment is a 1.7- 
mm-thick quartz window. The substrate can be altered by 
placing a 75-pm-thick @Kapton [7]  sheet on top of the quartz 
window. The measurements of ink temperatures on Kapton, 
which has a thermal conductivity and heat  capacity 
comparable to those of paper, permit an estimation to be 
made of the ink temperatures reached during actual printing 
(at least on very smooth papers  with a reasonably  good 
thermal contact with the ink). 

on the observation window, on which the moving  head 
printed a short stripe pattern usually  consisting of  five 
activated electrodes. To avoid heating the head, this pattern 
was typically one character length of  2.5 mm, and the 
observation point was normally close to the trailing end of 
the stripe pattern. The ink temperatures were  measured  by 
recording the thermal pulse as a function of time, as the 
printhead moved  past the observation point. The voltage 
output from the IR  microscope,  which  is proportional to the 
emitted radiance of the ink, was recorded  using a Model 
4094  Nicolet  digital  oscilloscope. The print current pulse 
and the total voltage  across the ribbon were  recorded 
simultaneously to keep track of the power  delivered to the 
resistive ribbon. The  ac operation mode of the IR 
microscope was  used to give a fast  response  of the transient 
temperatures of the ink deposited on the substrate. The 
temperature calibrations of the IR  microscope  were done by 
focusing the microscope on the  tip of an ink-coated chromel- 
alumel thermocouple, spark-welded on a heat gun acting as 
the thermal source. 

The measurement strategy was to focus the IR microscope 

In spite of the good  response time (-8 1s) and high 
temperature resolution ( < I T )  of the IR microscope, the 
measured ink temperatures could not be determined to 
better than 10°C. This was due to the inability of the moving 
printhead, from run to run, to retrace precisely its motion 
past the fixed observation point. Any  slight mechanical jitter 
in the moving  head  changes the relative position of the fixed 
observation point with  respect to the center of the printing 
electrode, and this gives the small random variation in the 
repeatability of the temperature measurements. To 
overcome this problem, a statistical  average of the measured 
ink temperatures has been carried out such that each data 
point reported in this article represents the average of a 
number of data points ( 10 to 15) which  usually  formed a 
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preferential cluster within a total set of 15 to 20 
observations. 

The spatial variation of  peak ink temperatures in a 
direction orthogonal to the print direction was obtained by 
moving the observation point of the IR microscope laterally 
across the stripe ink pattern. The ink directly under the 
electrodes gets  very hot during printing and melts to a low- 
viscosity  fluid  which  is then squeezed out laterally due to the 
pressure under the head. This leaves a  thinner layer  of ink 
deposited on  the substrate immediately under the electrodes. 
These optically distinct tracks formed by the ink below the 
moving electrodes were  used to identify the position of the 
electrodes in the measurements. A closer examination of 
these ink tracks shows a  random distribution of extremely 
hot spots of a few micrometers in size under the electrodes. 
The  ink at these spots is  significantly thinner  than in the 
adjoining areas of the tracks. The temperatures at these 
distributed hot spots were not determined because  of the 
finite spatial resolution of the IR microscope,  which 
encompasses a much larger area in its field  of  view to give 
only an effective value of ink temperature under the 
electrodes. 

3. Results  and  discussion 
In subsequent sections, we present the temporal and spatial 
profiles  of ink temperatures on  quartz and Kapton 
substrates, and show results of  peak ink temperatures as a 
function of print current for various printing speeds and 
numbers of active electrodes. Finally, we describe a 
phenomenological model of three-dimensional heat 
conduction with finite heat sources moving in a composite 
medium. The calculated temperatures are fitted to the 
experimental data, and then analytical projections are made 
of the  current required for obtaining equivalent ink 
temperatures over a wide  range  of printing speeds. 

Temporal  and spatial temperature profiles 
The temporal profiles  were obtained by recording the time 
decay of the temperature of the ink deposited on  the 
substrate as the printhead moves past the observation point. 
Figure 2 shows two different temporal profile curves 
corresponding to the temperature of the ink immediately 
under an active electrode and between active electrodes on 
Kapton substrate for a print current of 30.4 mA and a 
printing speed  of 3.9 in./s (1 0 cm/s). It is observed that  the 
ink located between two fired electrodes also peaks to a fairly 
high temperature (-230"C), although this temperature is 
much lower than  that under an active electrode (-380°C). 
The relatively  high  values  of the temperatures at the ink 
layer are comparable to the values predicted by the lumped- 
element model [8, 91. 

of distance in the lateral direction is illustrated in Figure 3 
for a  quartz substrate. Also included in this figure  is the 

The variation of these peak ink temperatures as a function 
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spatial variation of ink temperatures at about 1 ms  following 
the peak, which represents an estimate of the  time required 
for the ribbon to peel  away from the paper during printing. 
Of  significance is the fact that the ink temperatures between 
electrodes at this time are still much higher than  the ink- 
softening temperature, and  that  the spatial variations 
become much smaller due to thermal diffusion. 
Undoubtedly, these ink temperatures equilibrate rapidly 
downstream, with an almost uniform ribbon temperature 
throughout the thickness, as corroborated by the similar 
range  of temperatures measured at the top surface of a 
ribbon emerging from under the electrode [lo]. 

Input current and printing speed dependences 
In printing experiments with constant current drivers, the 
two important independent variables are the input current 
and printing speed. The electrical current is the origin  of the 
power dissipated in the ribbon and  thus is the source of the 
heating of the ink layer. Measurements of the ink 
temperatures as a function of input current thus provide us 
information concerning the distribution of electrical power 
in the ribbon. On the other hand, information concerning 
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the dependence of ink temperatures on the printing speed is 
important in understanding the thermal system  sufficiently 
well to predict the electrical  power requirements for the 
future extension of the resistive  ribbon  technology to higher 
printing speeds. We  have therefore measured the ink 
temperatures as a function of input current for various 
printing speeds. The results are presented in Figure 4 for a 
Kapton substrate; for comparison, the data on a quartz 
substrate are also included in the inset of this figure. 

ink temperatures on input current. The linear dependence 
can be understood in terms of temperature rise  caused  by 
heating  power,  which  is proportional to the input current. 
This  input power  for heating the ink is thought [ 1 1, 121 to be 
generated mainly at the polycarbonate-aluminum interface, 
where the tunneling across the thin interfacial bamer layer 
gives  rise to the nonlinear current-voltage (Z-Vj 
characteristics of the ribbon. There is  also a secondary 
contribution of heat input from the nonlinear interface 
resistance  formed by the sliding electrode-ribbon contact at 
the top surface. 

The experimental plots  show a linear dependence of peak 

The curves of  Fig. 4 have a decreasing  slope for increasing 
512 speed of the printhead, and all of them intersect at a 

constant current value of approximately 2 mA at ambient 
temperature. The convergence of these plots at a constant 
current value at ambient temperature can be  explained by 
postulating a small loss in  current due to lateral spreading in 
the ribbon, a loss term which  is  nearly independent of 
printing speed. 

A comparison of these data for Kapton and quartz 
substrates shows that the peak ink temperatures reached on 
Kapton are higher than those on quartz for the same input 
current and printing speed. This observation is  expected, 
since the Kapton material has a lower thermal conductivity 
which restrains the heat flux from flowing  across the 
interface, thus resulting in higher ink temperature. On the 
basis  of this fact, the ink temperatures reached on rough 
paper during printing are expected to be even  higher than 
those measured on Kapton. 

While the linear dependence of peak ink temperatures on 
current is  clear, the functional relationship of these 
temperatures to printing speeds  is  less  obvious. An empirical 
fit of the data shows that the inverse  of  these temperatures is 
a nearly linear function of speed  within the relatively narrow 
experimental range. To account correctly for the dependence 
of the peak ink temperatures on the printing speed, a 
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Input  current (mA) 
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phenomenological model  based on a moving heat source is 
necessary. This model is presented in a later section of this 
paper. 

Ink temperatures for single  and  multiple  electrodes 
Because  of lateral thermal interactions in the ribbon, one 
expects some differences to be observed in ink temperatures 
between the case  of a single active electrode and  the case  of 
this electrode with multiple neighbors turned on 
simultaneously. Figure 5 shows three different sets of data 
for the cases of a single electrode, double electrodes, and 
triple electrodes. For the case  of triple electrodes, the ink 
temperatures were taken under the center active electrode. 
The increase in peak ink temperatures in going from three to 
five electrodes is too small to be resolved by our 
measurement system. It is  seen that significantly  higher ink 
temperatures are found for the case of triple electrodes as 
compared to the  other two cases, so that in order to obtain 
the same peak ink temperatures as  with multiple electrodes, 
one would  have to increase the  input current for the case of 
single or double electrodes. The intersection of a family of 
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horizontal lines  with the three curves of  Fig. 5 would give 
the required current, for a peak ink temperature of the 
chosen horizontal line, corresponding to the  number of 
active electrodes. 

Phenomenological  model 
A one-dimensional thermal model of a stationary heat 
source simulating the resistive ribbon printing process  has 
been  given by Pennington and Mitchell [4]. This early 
thermal model has shown the potential superiority of the 
resistive ribbon printing process over the conventional 
thermal transfer process. In order to obtain an analytical 
relationship among input power, printing speed, and ink 
temperature for the resistive ribbon printing, we have 
analyzed a three-dimensional heat conduction problem of a 
set of finite sources moving inside a composite medium. In 
our particular problem, the composite medium consists  of a 
slab of ribbon layer (polycarbonate layer) with thermal 
diffusivity a,, conductivity K,, heat capacity Cp, and 
thickness d,, a slab of ink layer  with thermal constants ai, K,, 
C, and thickness d,; and finally the substrate material 
(Kapton), which can be regarded as a semi-infinite medium 
with thermal constants a,, K,, and C,. The heat sources Q, 
and Q2 are located at the ribbon-ink interface and at the 
ribbon top surface, corresponding to the contributions from 
the polycarbonate-aluminum interface and from the contact 
resistance,  respectively. A schematic of the ribbon, ink, and 
substrate structure is shown in Figure 6. 513 
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The present  problem is a four-dimensional space-time 
problem  with  prescribed boundary conditions at each 
interface. To solve this problem, we simplify it by making 
the following assumptions: We assume that the ribbon layer 
and the ink layer are of the same medium, with thermal 
constants a, K, and C (= K/a), and that the substrate 
material has the same thermal diffusivity a as the ribbon and 
ink layer, but different thermal conductivity and heat 
capacity K' and C' (= K'la). With  these  simplifying 
assumptions, we can now proceed to solve the heat 
conduction problem. 

If the ribbon and ink layer  is a semi-infinite medium in 
the z 5 0 region, the temperatures at both the z 2 0 and the 
z < 0 regions due to  an instantaneous source Q (Joules), 
located at (x,, yo, z,) in region z z 0, are given  by  Eqs. (1) 
and (2). In other words, T I ,  the temperature in region z 2 0, 
is that due to the original source Q together  with a source of 
strength Q' = ( K  - K')Q/(K + K ' )  located at the "image" 
position (x,, yo, -z,), and T,, the temperature in region z < 
0, is that for a source of strength 2KQ/(K + K ' )  at position 

Since the ribbon and ink layer  is a finite  slab of medium 
with a top insulating surface at z = di + d,, we  have to 
superimpose the above solutions by the method of images 
for a thermal insulating surface.  In addition, we  have two 
heat  sources Q, and Q2 located at (x,, yo, di) and (x,, yo, 
di + dp), corresponding to heat contributions from the 
polycarbonate-aluminum interface and the sliding  electrode- 
ribbon contact, respectively, so that T,(x, y ,  z, x,, yo), the 
ribbon temperature at x, y ,  z in region 0 5 z < di + d,, is 
given  by Eq. (3). 

composite medium due to nonmoving instantaneous sources 
Q, and Q,. The term T,,(x, y ,  z, x,, yo) is attributed to the 
source Q, between  two boundary planes at z = 0 and z = di 
+ d,, and the term T,,(x, y ,  z, x,, yo) is attributed to source 
Q2 due to the same boundary planes. For moving  heat 
sources  with  velocity v parallel to the X-axis direction, we 
introduce the time-space transform o f t  + t - t' ,  x, + x, + 
v(t - t ')  and Qi + qidt', then perform the integration of time 
t' from 0 to t. Finally we obtain the ribbon temperature for 
moving  sources T,,,(x, y ,  z, x,, yo) in steady state (t + m) as 
shown in Eq. (6). 

In  Eqs. (7-9), the R's represent the distance from the 
image  source to point x, y ,  z and q,, q2 are the heat inputs in 
watts. 

Equations (6-9) represent the temperatures of the ribbon 
and ink layer  for a point electrode. To introduce the finite 
electrode size  effect,  we perform the space transform by 
replacing x, + x, - x', yo + yo - y ' ;  we integrate x' and y' 
over the dimension of the heat  sources 21 X 2w and A for 
q; and q; respectively  [see  Eq. (lo)]. 

(x,, yo. z,,) [ 131. 

Equations (3-5) represent the temperatures for a 

Now the sources in the expression  for T,(x, y ,  z, x,, yo) 
514 are q; and q;, which are the heat inputs in W/cm2. These 

heat inputs are assumed to be  directly proportional to the 
input current density. The proportionality constant for q; 
which  is the heat input from the polycarbonate-aluminum 
interface, was derived  from the interfacial tunneling voltage 
determined from static I- V measurements [ 1 I] of ribbon 
samples. The proportionality constant for 45, which  is the 
heat input from the top surface due to the resistance of the 
electrode-ribbon sliding contact, was estimated in the present 
experiment by measuring dynamically the total voltage 
across the ribbon and subtracting from it the voltage drop 
across the ribbon thickness and the aluminum-ribbon 
interface (for simplicity, half  of the heat generated at the top 
surface was assumed to be conducted instantaneously away 
by the moving electrode). Further, q; is  assumed to have a 
print-speed dependence of v0.' as obtained from a fit  of the 
experimental data for the total voltage  across the ribbon as  a 
function of print speed at constant current values [ 141. 

Equation (10) gives the temperature of the ribbon and ink 
layer  for a single electrode. For an array of N electrodes in 
the y direction with the first electrode centered at x. = 0 and 
with center-to-center spacing of y,, the ink temperature 
T, (x, y ,  z) at the ink-substrate interface ( z  = 0) is  given  by 

T , k  Y,  0 )  = c Tdx, Y,  0, 0, WJ. 
N- I 

(1  1)  
m=O 

In this thermal model, a is the effective thermal diffusivity 
of the multilayer sandwich  consisting of the polycarbonate 
ribbon, ink layer, and Kapton substrate. This value of a is 
chosen to have the same order of magnitude as the thermal 
diffusivity of the carbon-loaded polycarbonate material, and 
it  is then adjusted to give a good fit to experimental data. 
The thermal conductivity K' of the substrate is determined 
from K' = a . C',  where C' is the heat  capacity of the 
Kapton material. The different  values of thermal 
conductivity between the ribbon and the Kapton substrate 
imply that the ink-Kapton interface acts effectively as a 
thermal bamer which  regulates  heat  flow  across it. Using the 
same area of  21 X 2w for both sources q1 and q5 and 
appropriately adjusting a to fit the peak ink temperature 
under an electrode, it was found that the calculated  value of 
the ink temperature between the electrodes was  always much 
lower than the measured  value.  These high temperatures 
measured  between the electrodes  can be accounted for by 
assuming a larger  effective area A of the heat source at the 
bottom ribbon-ink interface as compared with an area of 
21 X 2w for the top source at the electrode-ribbon contact. 
This effective area is thus the other adjustable parameter in 
the model, and physically  it accounts for the increase in area 
due to the hot ink being  squeezed out from under the 
electrodes due to head  pressure. 

Using  values of parameters given in Table 1, we have 
calculated the ink temperature profiles  for the center 
electrode in a group of three electrodes as a function of 
distance in the direction of motion for  different printing 
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exp - [ (x - xo? + ( Y  - Yo? + ( z  - ZO)' 
T, = ___ 

(4*at)l.5 4at 1 
(x - xoY + ( Y  - Yo)z + ( z  + z0l2 +-- 

K + K' ( 4 7 r ~ t ) l . ~  4at 1 z 2 0, (1 )  

where 

K - K' I n--l I (X - x0)' + ( y  - yo? + { z  - d, - 2n(di + d,)l 
+ -  [K + K'] ex' - [ 4at 

and 

where 
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Table 1 Values of parameters used in  the  model. 

Input  current I 

Current loss I ,  

Ribbon  thickness d, 

Ink  thickness d, 

Electrode  spacing Ys 

Electrode  contact  area (21 X 2w) 
for q; 

Effective area A for q; 

Effective diffusivity a 

Conductivity K (Ribbon) 

Conductivity K‘ (Kapton) 

Heat  input qi 

Heat  input q; 

30 X 10” A 

2.0 X IO-’ A 

15 pm 

5 pm 

100 pm 

1.8 X 2 mil’ or 46 X 50 pm2 

3.2 X 3.5 mil2 or 8 I X 89  pm2 

0.0025 cm2/s 

0.0046 ( W/cm. s . K) 

0.0037 (W/cm.s.K) 

5.0 x I* /A (W/cm2) 

0.41 X I X ~O.~/21  X 2w 

516 
Effective current P = I - IL 
Printing speed v (in./s) 

values taken from Fig. 2 for a print current of 30.4 mA and 
a printing speed of 3.9 in./s. One observes that the value of 
the peak ink temperature decreases  with  increasing  speeds, 
and that the position of the peak  shifts  away from the center 
of the active electrode. Also, the spatial decay  profiles are 
flatter for  higher printing speeds. .To compensate for the 
decrease in peak ink temperature for high  speed, one must 
increase the  input current; e.g., a current as high as 69 mA is 
required to reach a peak temperature of 342°C at 16 in./s, as 
compared with a current of 28 mA at 4 in./s. 

A comparison of the calculated  results  with experimental 
data corresponding to peak ink temperatures under the 
electrode is  shown in Figure 8. The vertical  axis corresponds 
to the ratio of  effective input current r* to the peak ink 
temperature rise, and the horizontal axis corresponds to 
printing speed. Here, r* is  defined as the  input current Z 
minus the current spreading loss ZL, and ZL was determined 
to be 2 mA from the intercept at ambient temperature of the 
peak ink temperature versus input current plots as shown in 
Fig. 4. There is a good agreement between the measured 
values and  the calculated curve, and within a limited range 
the inverse of the temperature rise at constant current is 
approximately a linear function of speed. 

also  been incorporated in the model. The result of 
calculation shows that the peak ink temperature decreases 
from about 375°C to 288°C (at 4 in./s and 26 mA) as the ink 
thickness  increases  from 2.5 to 6.5 pm, which  agrees 
qualitatively with the experimental observation. 

The dependence of ink temperatures on the number of 
active  electrodes is accounted for in the model as the 
intrinsic thermal diffusion of heat conduction. However, the 
calculations including only thermal diffusion  have 
underestimated this interaction. Thus, the model has to be 
expanded to include a more complete analysis of the lateral 
spreading phenomena, both electrical and thermal, to fully 
explain the experimental results. 

The dependence of ink temperatures on ink thickness has 

4. Summary  and  conclusions 
Dynamic measurements of ink temperatures in resistive 
ribbon thermal transfer printing have  been camed  out using 
an infrared radiometric microscope. A phenomenological 
model  for the calculations of temperature profiles and 
equivalent currents over a wide  range  of printing speeds has 
been outlined for moving  heat  sources in a composite 
medium. The main results are as follow: 

1. Dynamic measurements of ink temperatures on Kapton 
allowed a direct estimation of ink temperatures during 
actual printing, at least on very smooth paper with 
reasonably  good thermal contact with the ink. 
Underneath an electrode, the ink reaches a temperature 
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as high as 380°C at an input current of  30 mA, but 
between the electrodes the ink temperatures are relatively 
IOW (-230°C). 

2.  The peak ink temperatures were  observed to depend 
linearly on the total input  current, suggesting a nonlinear 
element as the heat source. The polycarbonate-aluminum 
interface is essentially the primary heat source, with some 
secondary contribution from the nonlinear contact 
resistance at the top ribbon surface. Within the narrow 
range  of 2 to 8 in./s, the peak ink temperatures were 
approximately proportional to the inverse  of a linear 
function of speed. 

3. A phenomenological model  based on three-dimensional 
heat conduction theory for moving finite heat sources in a 
medium has been analyzed. This model assumed steady 
state temperatures in a uniform-diffusivity medium whose 
effective  diffusivity  was adjusted to simulate the 
multilayer structure consisting of the ribbon, ink layer, 
and Kapton substrate (each of  which can have different 
heat capacities). When used to calculate the ink 
temperatures, it agreed well with the experiments. 
Further,  the model permitted projections to be made of 
the  current required to print over a wide  range of printing 
speeds. 
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