
Characterization by T. G. Twardeck 

of a 
resistive  ribbon 
thermal  transfer 
printing  process 

Resistive  ribbon  thermal  transfer  printers 
transfer  ink  from a ribbon  to  paper as the  result 
of localized Joule  heating of  the  ribbon 
structure.  For  this  printing  process,  this paper 
discusses  the  voltage-versus-current  response 
of the  electrode-ribbon  current  path,  the 
temperature  distributions  throughout  the  ribbon 
structure,  and  the  correlation of  print response 
with electrical input  power  and average ribbon 
temperatures.  Nominal  input  power  per 
electrode  is  approximately 190 mW.  For  input 
power  near  this  level,  thermal  models  predict 
that  ribbon  materials  which  pass  directly  under 
energized  electrodes  reach the  highest 
temperatures;  the  hottest  zone  in  the  ribbon 
surrounds  the  composite-aluminum interface. 
Approximately 0.1 mm downstream  from  the 
electrodes,  the  heated ribbon  materials  come  to 
nearly  constant  temperature.  The  area  of  the 
printed  image  correlates  with  this  average 
ribbon  temperature  and  input  power. 

Introduction 
Conventional  thermal transfer printers transfer ink  from a 
ribbon to  paper  as  the result of localized heating  of the 
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ribbon structure. In one typical arrangement of this  printing 
process, an  array of heating elements forces the  ribbon 
against the paper. The  ribbon  during  printing is stationary 
with respect to  the  paper, while the heating elements  make 
sliding contact with the  ribbon.  When electrical current flows 
in a  heating element, a significant rise in its temperature 
occurs. The resultant  heat flow into a  small volume of the 
ribbon  material  melts the  ink,  transfemng  it  to  the paper. 
Continuous  current flow in a moving  electrode  results in  the 
transfer  of  a strip of ink  to  the paper. The strips from  many 
electrodes can be adjusted  in  length and spatial arrangement 
to form  characters. 

An alternate  means of achieving thermal  ink transfer with 
this general printing  scheme incorporates electrically resistive 
elements  into  the body  of the  ribbon [ 1-31. Electrodes in  this 
situation  inject current  into  the ribbon. The result of current 
flow is direct  heating of the  conductive ribbon  materials. The 
heating is sufficiently intense  to soften the ink and transfer  it 
to  the paper. One  advantage of  this  latter approach is  related 
to  printing speed.  Direct  heating of the  ribbon in 
combination with highly conductive electrodes  reduces the 
print speed restrictions that  are  inherent with conventional 
thermal transfer  printers. Further, new printhead  structures 
and transfer layer materials yield excellent print quality on a 
wide range of plain office papers. 

This  paper considers some of the electrical, thermal,  and 
imaging  aspects of this  thermal  printing technique, which 
uses electrical current flow through  the ribbon structure  to 
produce  the heat  for  printing. The  information provided  for 
the process, which is called resistive ribbon  thermal transfer 
printing,  illustrates some of the key characteristics of this 
novel printing process. Both the @QUIETWRITER Printer  and 
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QUIETWRITER Typewriter print characters with such  a 
process. The specific application  of the  printing process in 
these products is discussed in this paper. 

Figure 1 shows  a  cross  section of the electrode and 
multilayered  ribbon. For the  printer  and typewriter, the 
printhead electrodes are etched from tungsten foil and have 
contact tips  arranged  along  a common axis on 0.1 1 -mm 
(0.004 17-in.) center-to-center spacings. Contact surfaces are 
subsequently finished to  dimensions of  approximately 0.05 
mm X 0.05 mm (0.002  in. X 0.002 in.). During  printing  the 
electrodes slide at a rate of 102 mm/s (4 in./s) on  the surface 
of the ribbon. Electric current flows into  the ribbon via these 
electrodes and  constant  current sources. The  ribbon layer in 
contact with the electrodes is a conductive  carbon black- 
polycarbonate  composite. This "resistive layer," 
approximately 15 pm in  thickness,  has  a  bulk electrical 
resistivity of roughly 0.75 Q-cm. A second  layer  of the 
ribbon,  aluminum, is vapor-deposited on  the surface  of the 
resistive layer opposite the electrodes. The thickness  of the 
aluminum layer is approximately 100 nm.  These  two layers 
form part of the  current flow path in the ribbon. The 
remaining  structure of the  ribbon consists of  transfer  (ink) 
materials. 

In this electrode-ribbon  configuration, electrical current 
flows into  the resistive layer and  then along the  aluminum 
layer to a ground  return path. The heat  generated  from 
electrical current flow along this path results in the transfer 
of  a print character to  the page. The  important  elements  in 
the  current flow path for the generation  of  heat  in the 
printing process are considered in detail.  These elements 
include  the electrode-resistive layer contact resistance, the 
bulk of the resistive layer, and  the interface region of the 
resistive and  aluminum layers. Experiments  illustrating the 
voltage-current  response of these elements  are presented. 
The  experimental results  are used in a discussion of typical 
voltage-current characteristics  of the electrode-ribbon 
structure.  The  temperatures  produced in the electrode and 
ribbon are  determined  through model simulation.  The 
simulated results are  compared with direct temperature 
measurements. As a  measure  of process performance, the 
size of the  print  character  on  the  paper is discussed. 

Electrical  response 
This section begins with a discussion of the polycarbonate- 
carbon black composite,  the resistive layer in the ribbon. 
The  composite is characterized in  terms of the bulk electrical 
resistivity as  a function of carbon  content  and also with 
respect to  the change  in  its resistivity as  a function of 
temperature for  a given carbon  content.  The two  composite- 
metal junctions formed at  the  composite-aluminum 
(stationary)  interface and  the composite-tungsten (sliding) 
interface are considered. The voltage-current responses of 
these regions and those  of the electrode-ribbon structure  are 
discussed. 
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4 Enlarged  sectional view of the  electrode  and  ribbon  for  resistive 
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The two components in the resistive layer of the ribbon 
are polycarbonate,  chosen  for thermal stability and tensile 
properties, and a carbon black selected for relatively high 
electrical conductivity. A mixture of  these  two components 
is solvent-cast to form  a film nominally 15 pm in thickness. 
Figure 2 shows typical resistivities of such films for carbon 
contents varying between 5 and 40 volume  percent (6 to  50 
weight percent). The plotted resistivity values are  the results 
of four probe dc voltage-current measurements  at  nominal 
room  environments.  The solid line  in the figure relates to 
films made  as laboratory  samples. The  broken line refers to 
measurements of  compressed carbon black in  air. Note for 
reference purposes that  the resistivity of an unfilled 47 1 
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density.  [Note: The circuit  resistance can be estimated  for 
this  simple geometry through an application of electrostatic 
theory, assuming a circular  dot, perfect conductivity  of the 
metals, and a resistive layer characterized by a constant 
resistivity. Calculations  compare with measurements  to 
within  a few percent. It is concluded  that vapor-deposited 
gold contacts do  not appreciably add  to  the circuit 
resistance.] 

structure is formed by the vapor  deposition of aluminum  on 
the resistive layer. Electrical current flow through this 
interface is another heat  source in  the  ribbon,  and because 
this region is closest to  the transfer layers it makes  an 
important  contribution  in  the  thermal transfer of the  print 
character  to  the paper. The voltage-current  response of this 
region can  be  obtained by recording the voltage required to 
sustain  a current  ramp  through a structure consisting  of  a 
gold dot-resistive layer-aluminum layer. The voltage in such 
a test is plotted  as  a function of current density at  the gold 
dot  in  curve B of Fig. 4. The voltage in  curve B has  been 
corrected  for the voltage drop across the resistive layer; that 
is, the corresponding voltages in  curve A have  been 
subtracted  from  the measured voltages for the gold dot- 
resistive layer-aluminum  layer  configuration. Curve B 
indicates that  the resistive layer-aluminum junction has  a 
highly nonlinear voltage-current  behavior. For low current 
densities at  the injection  electrode, this  junction has  near- 
ohmic behavior, with voltage rising with  increasing current. 
This  trend  continues  until  the voltage drop across the 
junction reaches  approximately 5 V. The  junction voltage 
stabilizes at this  value and passes the higher current densities 
at essentially constant voltage. Curve B shows the electrical 
response  of the resistive layer-aluminum  layer junction for 
the case of the gold dot electrically positive with respect to 
the  aluminum.  For  aluminum positive with respect to  the 
gold a similar result occurs;  however,  a lower value of the 
saturation voltage is observed.  Hence, the bipolar voltage- 
current response is asymmetric  around 0 V. The effect of 
driving current  through  the  junction with aluminum positive 
is to switch the  junction  into a lower resistance state, with 
the reduction  in  resistance proportional  to  the  current 
density. (The observation that  junctions of this  type can 
switch states was made earlier by Tsai [5] as  part of an 
investigation  of  graphite-aluminum composites.) The single- 
cycle full bipolar  voltage-current  response  of this  junction 
region is thus highly hysteretic. 

Scanning Auger electron  microscopy depth profiles were 
taken through  the  aluminum film toward the resistive layer. 
Although the resultant  spectra are difficult to  interpret 
because of surface roughness effects, they  seem to indicate 
the presence  of an oxide region between the  aluminum  and 
resistive layer. Conduction  through  the interface is then 
likely to be bamer-dominated.  It is hypothesized that this 
oxide bamer  contains regions and/or  channels of high 

The resistive layer-aluminum  interface in  the ribbon 
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conductivity. Conduction  through these regions and their 
enhancement or disruption  due  to material  changes  of  state 
brought  about by the persistent  application  of  electric fields 
give rise to  the  shape of the bipolar voltage-versus-current 
response. 

with a circular end face replaces the gold dot for current 
injection into  the resistive layer-aluminum layer structure. 
As before, the voltage-current response of  this arrangement 
can  be  determined by noting the voltage required to sustain 
a current  ramp. At a given current density, the voltage level 
of  curve  C is greater than  the  sum of the corresponding 
voltages of  curves  A and B. This voltage difference 
presumably results from  a contact resistance introduced by 
the  probe  into  the  current flow path. The total  surface area 
of  a probe loaded under pressure against the resistive layer 
does  not participate in  conduction;  an increase in circuit 
resistance arises from  current flow through small local-area 
contact spots  (constriction resistance) and a specific contact 
resistivity (in units of R-mm’) possibly caused by thin 
insulating films. 

Curve C is  for  a test configuration  in which a  metal  probe 

Curves A, B, and C  of Fig. 4 were obtained from idealized 
configurations and provided information  about  the  nature of 
the  current flow path in  the resistive ribbon thermal transfer 
printing process. Figure 5 gives the voltages required to 
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i Ribbon  and  paper  region  modeled in the  numerical  simulation  with 
5 predicted  temperature  distributions  which  exist  throughout  this  struc- [ ture at the  end o f a  12.5-ms,  25-mA  current  pulse. 

initiate and sustain constant current pulses in the electrode- 
ribbon structure. These voltages represent electrode-to- 
aluminum values; the voltage drop along the ground path is 
not included. Data for a single electrode and for the center 
electrode of  seven  energized electrodes are plotted. All curves 
are  the average of 20 measurements. The voltage  level for a 
5-mA current is roughly three times greater in the multiple- 
electrode case than in the single-electrode  case. For a single 
electrode the current density through the composite- 
aluminum interface is  relatively  low; the through voltage is 
primarily fixed  by contact and composite resistances and the 
near-ohmic behavior of the resistive layer-aluminum 
junction. In the multiple-electrode case, current focusing 
caused by energizing the adjacent electrodes results  in  higher 
current densities through the ribbon structure and forces the 
resistive layer-aluminum interface into  the nonlinear region. 
In this case the electrode-to-aluminum voltage includes a 
higher interface voltage  offset  as  well  as the contributions 
due to contact and composite resistances. For higher 

474 currents the single-electrode  case remains linear until 

approximately 12 mA. For one energized electrode, currents 
greater than or about equal to 12 mA are required to drive 
the composite-aluminum interface into the nonlinear state; 
at these current values a leading-edge  voltage transient 
appears as in  all multiple-electrode traces. The leading 
transient is believed to result from contact heating and from 
the resultant reduction of contact resistance as a more 
intimate electrode-to-resistive layer contact forms due  to 
resistive layer softening. 

A current level  of approximately 25 mA  is nominally 
required by the printing process. The corresponding input 
power per electrode is approximately 190 mW, or 0.002 
J/mm lineal input energy at 102 mm/s electrode speed. 

Temperatures of the  process 
Any  effort to measure process temperatures in the regions  of 
the electrode contact area and the ribbon region beneath this 
contact area is complicated by the physical arrangement of 
these items. Estimates of the printing process temperatures 
have  relied on numerical models and the comparison of 
these models with temperature measurements near the 
contact areas. In the work  described in this section, the 
modeling was accomplished by application of the 5796-PBH 
Advanced Statistical Analysis Program (ASTAP)  [6]. This 
program provides procedures for  use in the design and 
reliability analysis of linear and nonlinear electrical 
networks. It can also  be  used to simulate any physical  system 
that can be  described by an analog electrical network. With 
this program, a time-dependent, three-dimensional, moving- 
material, coupled electrical-thermal model of the electrode- 
ribbon-paper structure was derived. Figure 6 illustrates the 
various components of the simulation region. In determining 
the region to be simulated, the electrical and thermal 
symmetry for an energized electrode near the center of the 
array was  used to bound the region in the y direction 
between x-z planes passing through the center of electrodes 
and between  electrodes. The extent of the modeled region in 
the negative z direction, that is, toward unused ribbon, is 
relatively short and reflects the low heat flow occurring in 
this direction. In the positive z direction, a relatively long 
distance is modeled to give temperature information in the 
region  where transfer materials leave the ribbon and adhere 
to the paper in the printing process. The peeling action as 
the ribbon detaches from the paper is not modeled. In  the 
vertical or x direction, the simulation space extends from the 
bottom surface of the paper to the top surface of the resistive 
layer or to a point in the electrode above the contact face. 
These extremes are assumed to be at ambient temperatures. 
The ribbon and paper within these boundaries are stratified 
into  the seven  layers shown in the figure; these layers are 
further divided into smaller volumes or cells’by a set  of 
orthogonal x-y and x-z planes. The relative positions of these 
planes are chosen to give the cells a small volume in the 
regions  where  large temperature gradients are expected and, 
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conversely, a large cell volume for  regions with small 
temperature gradients. 

Before ASTAP  can  be applied to a particular engineering 
problem,  an  analog electrical network must be constructed 
which closely resembles the physical attributes of the system 
to be simulated. In  the model  network used here, the 
electrode and  contact resistances are modeled as single 
resistors, with the  contact resistor connected between the 
electrode tip  and  the  top cell in  the resistive layer. The cells 
in the ribbon  layers in  the  current flow path  are  each 
modeled as  threedimensional resistor networks. These 
resistors are assigned values determined  from  the 
temperature-dependent resistive properties of the layer 
materials and  the  dimensions of the cells. The resistive 
layer-aluminum layer interface is modeled so as  to  permit 
low current density flow through a constant interface 
resistance; at high current density the flow is at a fixed 
voltage through a low incremental resistance. 

the physical cells containing  the elements. This heat is 
coupled into  the  equivalent  thermal  simulation of the cells. 
The  thermal network  is  represented through an 
interconnection of resistors, capacitors, and  current sources 
in which the resistors represent thermal conductivities, the 
capacitors permit heat energy storage, and  the  current 
sources simulate energy flows due  to  internal power 
dissipation and  transport effects. The energy dissipated in  the 
contact resistance is coupled into  the  top  quarter of the 
resistive layer under  the electrode contact area. The resultant 
node voltages in  the  thermal lattice  represent the 
temperature  distribution  through  the modeled space. 

assumption of an infinite array of energized electrodes. This 
assumption applies best during  printing for an electrode near 
the  center of many energized electrodes. For electrodes at  the 
extremes of the  array, or for isolated energized electrodes, 
heat can flow through  the x-z plane boundary located at 
negative y .  All electrode and  ribbon  temperatures  in these 
instances are lower. The electrical and  thermal properties  of 
the materials were obtained  from direct measurements or 
from  the literature. The physical dimensions of the ribbon 
structure  are held constant  throughout  the Simulation. This 
approximation  does  not fully model transfer layer flow into 
the  paper  structure or the embossing  action by the electrodes 
of the  top surface of the resistive layer under high current 
flow conditions. 

The  temperatures (degrees Celsius) as predicted by the 
model  are shown in Fig. 6 for a situation in which the 
electrodes slide over the ribbon at a rate of 102 mm/s.  (The 
scales in  these  plotted distributions  are chosen so that a 
given length along  the y axis  represents half the physical 
distance  of an  equal length in  the z direction.) At time zero a 
current  of 25 mA begins to flow in  the ribbon structure;  the 
flow is maintained for 12.5 ms, the  time required  for the 

Passing current  through  the network  produces  heat  within 

In  this model,  a simulation region is specified for the 

electrodes to traverse half the width of characters spaced at 
10 to  the  inch.  The  temperature  distributions shown are 
those  predicted by the  model which exist at  at  the  end of the 
12.5-ms current pulse. 

In the negative z region, that is, upstream  from the 
electrode  array, the ribbon temperature is at  an  ambient 
value. As the  point of observation  moves  toward the 
electrodes (the shaded  areas on  the  distributions represent 
regions in the “shadow”  of half an electrode), the 
temperatures rise sharply at  the leading edge of the 
electrodes. Ribbon materials passing directly under  the 
electrodes rise to  much higher temperatures  than materials 
between electrodes. The model  indicates that  the peak 
temperatures in the ribbon are  attained in the region 
containing  the  composite-aluminum  junction.  This shows 
that  the  printing process creates  intense  heat directly at  one 
surface  of the transfer  materials. As the ribbon  streams  from 
under  the electrodes, the peak temperatures from the  top of 
the resistive layer to  the  middle of the transfer  layer fall 
rapidly, while temperatures  in  the track  of the electrode at 
the transfer layer-paper interface rise until z = 0.1 mm. 
Concurrently,  the  temperatures of  materials between 
electrodes rise rapidly. At z = 0.2  mm,  the ribbon 
temperatures  (downstream  from  the energized electrodes) 
reach a nearly constant value. For larger z, the ribbon 
temperature falls slowly. 

the 12.5-ms current pulse is less than  the peak ribbon 
temperature  at  the  top surface of the resistive layer as a 
result  of  a thermal  contact resistance  included  in the model. 
The value of the  thermal  contact resistance was estimated 
from a combination of simulation studies and experimental 
measurements of current flow through small-diameter 
pressure  probes  loaded  against  a  sheet of resistive layer. 

for  both shorter  and longer simulation times, with the 
temperatures rising to somewhat higher values for longer 
periods  of time.  The longer simulation times  more closely 
resemble the  conditions for some laboratory temperature 
measurements  and  the  model is in  reasonable  agreement 
with these  measurements. For example, the  temperature of a 
point  on  the  top surface of the resistive layer, 0.7  mm 
downstream and centered on five energized electrodes, was 
measured to be approximately 250°C on  an experimental 
arrangement of the process. The model  predicts 242°C. On 
another prototype arrangement in which the  paper layer was 
replaced by an infrared transmitting window,  transfer- 
material temperatures  on  the  order of 300°C were measured 
under electrodes; much lower temperatures were observed 
between electrodes. Simulation results give peak 
temperatures of 277°C at  the transfer layer-paper interface 
region. The model is in  reasonable  accord with experiment 
and explains the salient  features  of the printing process 
temperature distributions. 

The predicted  electrode-tip peak temperature  at  the  end of 

The general shape of  these temperature  distributions holds 
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Printer response 
On the basis  of the electrical and thermal description of the 
printing process,  it  is  possible to propose the  manner in 
which characters are formed. Figure 6 shows the predicted 
higher temperatures reached by the transfer materials passing 
under the electrodes relative to those of the transfer 
materials adjacent to these regions. This high temperature 
coupled with the high  pressure exerted by the electrodes 
establishes a transfer layer-paper bond. As the ribbon passes 
from under the electrodes, the transfer materials in 
peripheral regions  rise in temperature. The tensile strength of 
the transfer layer and the transfer layer-aluminum bond 
strength are reduced in the larger heated area. When the 
ribbon is directed away from the paper at the trailing edge  of 
the printhead structure, the transfer layer-paper bond 
overcomes the transfer layer-aluminum bond, and the 
heated transfer material tears from the ribbon and adheres to 
the paper. 

The size  of the printed mark on the paper correlates well 
with the predicted average temperature of the ribbon layers 
downstream from the electrodes. In this experiment, print 
currents for nominal character areas were measured for 
ribbons with  layers  of various thicknesses. Then temperature 
distributions as a function of electrode current were obtained 
with the ASTAP simulation model for  each ribbon in this 
parametric set. The average temperature at approximately 
0.1 mm downstream from the trailing edges of the electrodes 
was computed. The temperature distributions with  average 
temperatures equaling the average  for the nominal case  were 
noted. Finally, the print currents corresponding to this 
subset of distributions were compared to those in the 
printing portion of the study. The currents predicted by the 

476 model  for establishing a constant average temperature at the 

electrode trailing edge are within about 1 .U mA of the 
printing currents to maintain constant print area. 

is known from other work on development apparatus to 
vary  with input power. Therefore, the  input power should 
also relate to the area of the printed character. Through 
dimensional analysis, it can be shown that a normalized area 
should relate to the ratio of the lineal input energy to the 
energy per unit length required to raise the transfer layer 
material to some fixed temperature. This assertion was  tested 
for the print characteristics of a number of different ribbon 
formulations and layer thicknesses, printhead-to-ribbon 
speeds, and electrode sizes. A strong correlation between the 
two dimensionless parameters was obtained over the 
relatively  large  energy ratios considered. For a particular 
process configuration, with the electrode size and speed  fixed 
along with the ribbon structure and formulation, an 
equivalent relationship between normalized area and input 
power should also  exist. A relationship of this type is shown 
in Figure 7. Input power in this figure  is  defined as the 
electrode-to-aluminum voltage times print current for an 
energized electrode. No transfer materials adhere to the 
paper for input powers per electrode less than approximately 
70 mW. As the  input power  rises from slightly  below to 
slightly above 100 mW, the percentage of area increases 
rapidly from 0 to 80. Beyond 150 mW, the character area 
changes more slowly  with input power. 

The ribbon temperature downstream from the electrodes 

Summary 
This paper characterizes the resistive ribbon thermal transfer 
printing process. It provides a description of the voltage- 
versus-current response of the electrode-ribbon circuit, the 
temperature distributions throughout the ribbon, and the 
correlation between print response and electrical input and 
temperatures within the ribbon structure. 

The electrode-ribbon circuit is discussed in terms of the 
elements of a simple lumped parameter model. In this model 
a temperature-dependent resistor represents the 
polycarbonate-carbon composite layer of the ribbon. Two 
other elements describe the composite-metal junctions in 
the circuit. The composite-aluminum junction has a highly 
nonlinear voltage-current response. At print conditions, this 
junction appears to pass  large current densities at a fixed 
voltage. The composite-electrode junction is described in 
terms of a contact resistance. The electrical responses  of the 
elements of this simple model help explain the voltage  versus 
current response of the electrode-ribbon circuit. A nominal 
input power per electrode of approximately 190 mW is 
noted. 

The simulation program provided an estimate of the 
temperature distribution throughout the ribbon structure. 
This predicted that  the highest ribbon temperatures during 
printing occur in ribbon materials passing under the 
electrodes. The predicted hottest region in the ribbon 
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structure surrounds the composite-aluminum interface and 
creates intense heat at one surface  of the transfer materials. 
Ribbon material temperatures between electrodes and on 
line with the electrode array are considerably lower. Once 
heated, the ribbon structure downstream from the energized 
electrodes reaches some constant temperature. 

Finally, the area of the printed image  is  shown to correlate 
with the average ribbon temperature downstream from the 
electrodes and with the electrical input power. 
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