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ABSTRACT: Developing and implementing a generally accepted procedure for the dating of ink found on documents using dynamic approaches
has been a very formidable undertaking by forensic document examiners. 2-Phenoxyethanol (PE), a common volatile organic compound found in
ballpoint inks, has been recognized for over a decade as a solvent that evaporates as ink ages. More recently, investigations have focused on the
solvent loss ratio of PE prior to and after heating. To determine how often PE occurs in ink formulations, the authors analyzed 633 ballpoint inks
utilizing a gas chromatograph/mass spectrometer. 2-Phenoxyethanol was identified in 85% (237/279) and 83% (293/354) of black and blue inks,

respectively.
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An examination to determine the age of ink on a document can
be quite challenging. Cantu (1,2) outlines two approaches to deter-
mine the age of ink on a questioned document. The first of these
is the static approach, which generally applies to methods based
on the comparison of various ink components to a standard refer-
ence collection to determine the first date of production. In fact,
the United States Secret Service (USSS) and the Internal Revenue
Service (IRS) jointly maintain the largest known collection of writ-
ing inks from around the world. These inks date back to the 1920s
and include over 8000 inks obtained from various manufacturers
throughout the world. Annually, contact is made with the pen and
ink manufacturers requesting that they send any new formulations
of inks, along with appropriate information, so that the submitted
standards can be chemically tested and added to the reference col-
lection. Writing pens are also obtained from the open market and
compared to the library of standards to verify and identify additional
inks. This is a formidable task that obviously requires significant
resources and maintenance. Indeed, this is not always a practical

solution for every forensic facility to achieve.

Ideally, ink tags would be the most reliable method for the dating
of inks. Tags can be added to formulations in the form of fluorescent
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compounds or rare earth elements and were evident in some formu-
lations from about 1970 until 1994. Factors have precluded some
ink manufacturers from participating in such a program, including,
but not limited to, insufficient resources, low priority, and/or dis-
agreement about the type of tag utilized. This is not to say that a
widespread tagging agenda is not achievable. On the contrary, ef-
forts do continue to convince ink companies to add tags to their
formulations. As recently as November 2002, a dominant ink man-
ufacturer has begun adding tags to their ink in collaboration with
the U.S. Secret Service.

With stringent demands from the forensic community to develop
and validate scientifically reliable laboratory techniques, imple-
menting other methods for ink dating is an arduous endeavor as
well. Such methods include those involving the dynamic approach,
which incorporates procedures that measure the physical and/or
chemical properties of ink that change with time. The changes that
occur over a given period of time can generally be referred to as
aging characteristics. Ballpoint inks mainly consist of colorants
(dyes and/or pigments) and vehicles (solvents and resins). There is
also a wide array of other ingredients, which may include antiox-
idants, preservatives, and trace elements, but these are typically a
small component of the overall ink composition. Nevertheless, the
importance of their presence should not be diminished since the
combination of all ingredients may play a pivotal role in the ag-
ing characteristics of an ink formulation. However, the subject of
this paper will focus on the vehicles found in ballpoint inks. More
specifically, the authors have chosen to investigate a single volatile
compound that has been reported by the industry to be in many
formulations of inks.

Volatile analysis of ballpoint inks, using GC/MS, for determin-
ing the age of inks on paper has been studied and reviewed in the
literature for more than a decade (3-8). These authors have laid the
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FIG. 1—The chemical structure and formula for 2-phenoxyethanol.

groundwork for what may be a very promising dynamic approach
to the future of ballpoint ink age determination. These works have
honed in on the analysis of 2-phenoxyethanol (PE), a common
volatile organic compound found in some ballpoint writing inks.
2-Phenoxyethanol, also referred to as ethylene glycol monophenyl
ether, 1-hydroxy-2-phenoxyethane, beta-hydroxyethylphenyl ether,
Dowanol EP, and Phenyl Cellosolve, is a glycol ether and is used as
the principal solvent in many ballpoint ink formulations. It is a col-
orless, slow evaporating, viscous liquid with a faint aromatic odor
and is used in most ballpoint ink formulations because it is stable in
the presence of acids and alkalis. It is also nonhygrosopic (does not
absorb water, making it amenable to hot, humid climates), nonhaz-
ardous, economical, and especially good at solubilizing resins and
nigrosine (a common solvent soluble black dye used in the writing
ink formulations). It is recognized as Chemical Abstracts Service
(CAS) number 122-9-6 and has a molecular weight of 138.17 with
a boiling point of 245.2°C (9). Figure 1 depicts the chemical for-
mula and structure of PE. Beshanishvily et al. (4) were the first to
discuss the identification of PE as it relates to the aging of inks.
Since then, Aginsky (5) reported that, ... significant aging [takes]
place over a period of about 3 months. After this period until the age
of 15 years the extent of the extraction of the volatile component
(phenoxyethanol) from the ink entries has been kept at a level about
20%.” Aginsky also describes the ink-drying process and surmises
that volatile components stop emitting from a dried sample of ink
until they are freed by heating or a solvent extraction.

More recently, Gaudreau and Brazeau (10) presented their find-
ings on an extensive research effort that focuses on how PE levels
change over time following an ink entry placed on paper. They
discuss solvent loss and state that the ... phenoxyethanol in ink
evaporates at a high rate during the first six to eight months fol-
lowing its application on paper. The rate of evaporation stabilizes
over a period of six to eighteen months. This process is no longer
significant after a period of about two years.” Given the chemical
properties of PE, its loss due to evaporation is most affected by
heat. With these caveats, they developed a dynamic approach to ink
dating that incorporates comparing the PE ratio of an ink prior to
and after heating.

In addition, Brazeau et al. (11) have experimented with solid
phase micro-extraction (SPME), which utilizes a specially coated
silica fiber that is mounted in a syringe-like device. A small glass
vial is placed over the ink entry with the SPME device inserted in the
sealed environment. Volatile solvents that emit from the ink adsorb
onto the fiber for a set time, i.e., until an equilibrium is achieved
within the system. The fiber is then withdrawn and injected into
a gas chromatograph (GC), whereby the volatile components are
desorbed due to the high temperature (e.g., 250°C) in the injection
port. The analytes are then separated in the GC and identified using
an appropriate analytical instrument such as a mass spectrometer
(MS). SPME has proven to be an efficient and effective method for
the extraction of volatile components (12,13) and has been utilized
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in the authors’ laboratory for the detection of PE in some ballpoint
inks.

Chemical analysis of writing inks by means of thin layer chro-
matography (TLC) is viewed by the scientific community as a valid
procedure to compare inks (14-18). Since TLC is an effective and
efficient method for separating and identifying various colored com-
ponents such as dyes, and nearly all ink formulations are proprietary,
forensic examinations that employ TLC analysis are invaluable. For
instance, two or more questioned inks can be compared to deter-
mine if they are the same, or questioned inks can be associated to
a known standard to determine the age of an ink, i.e., the static ap-
proach. With respect to this latter instance, appropriate information
and documentation acquired from a manufacturer regarding their
ink will allow a forensic document examiner to make significantly
reliable conclusions, assuming there is access to a thorough ink
collection. Although obtaining a supplemental volatile profile may
increase the degree of discrimination, limitations include solvent
loss over time or other external factors such as exposure to high
temperatures, light, and/or humidity.

With the benefit of having a large collection of standards, the
authors determined that it would be advantageous to begin conduc-
ting volatile profiles of writing inks to investigate the percentage
of ballpoint inks that actually contain PE since it is an important
compound of interest for the determination of ink age. An extensive
search of the literature was conducted, but no studies investigated
a large population of inks to determine how often PE is present
in ballpoint ink formulations. Thus, the focus of this paper will
be on the examination for the presence of 2-phenoxyethanol in
633 ballpoint inks.

Materials and Methods
Ink Standards

As stated, ink standards are received by the USSS from all over
the world and date back to the 1920s. As new ink formulations
are received, samples of the ink are placed onto Whatman™ filter
paper No. 2 (also referred to as scribble sheets), allowed to air dry,
placed in a protective sheet and binder, and finally stored in dark
cabinets to ensure minimal degradation due to environmental factors
such as light, temperature, and humidity. Many of the ink standards
are received as a liquid in a bottle and permanently retained, and
others are received in pens, pen refills, or as samples on paper. For
this study, whenever possible, ballpoint ink samples in liquid form
were analyzed directly from the bottle or pen. Other ink samples
were taken off the scribble sheets; however, volatile profiles of
scribble sheet samples were closely examined to determine if they
were suitable to include in the study since some were over 30 years
old. This topic will be discussed under Results and Discussion. A
total of 279 black ballpoint inks from 31 companies and 354 blue
ballpoint inks from 26 companies were chosen for analysis using a
PerkinElmer TurboMass™ gas chromatograph/mass spectrometer.

Extraction

Liquid inks were sampled utilizing a disposable capillary glass
pipette in order to minimize sample handling. The pipette was then
placed into a glass vial containing 1 mL of acetonitrile. The ink and
solvent were agitated/stirred to ensure ahomogenous mixture. Dried
ink samples from scribble sheets were sampled using a 5-mm hole
punch. The punches were taken from a highly dense area and al-
lowed to extractin a vial with 1 mL of acetonitrile for approximately
1 min. The solvent was decanted and placed into a separate vial.
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FIG. 2a—The total ion chromatogram for 2-phenoxyethanol standard (J.T. Baker ™ product No. T-319-07).

Gas Chromatography/Mass Spectrometry (GC/MS)

All of the extracted ink samples were analyzed using an auto
sampler attached to a PerkinElmer Turbomass™ GC/MS. One-
microliter samples were injected into the GC. The column used
was an HP-5 (30 m x 0.32 mm x 0.25 pL) cross-linked 5% phenyl-
methylsiloxane. The injector temperature was set to 260°C and the
flow rate was 1.2 mL/min split mode at 20 mL/min. The temper-
ature program started at 50°C for 1 min and increased at a rate
of 10°C/min to 200°C with a 2-min hold. The second rate was
25°C/min to 300°C with a final 2-min hold. The mass spectrometer
detector was set for full scan from 1.8 to 24 min with the 1.8-min
delay set to begin following the solvent elution, i.e., solvent delay.
The detector was programmed to scan compounds ranging from 28
to 500 atomic mass units (amu).

Results and Discussion

A review of the standards library indicated that at the inception
of this project there were 516 black ballpoint inks from 53 compa-
nies and 854 blue ballpoint inks from 65 companies. All the liquid
ink samples that were obtained from bottles were extracted and ex-
hibited significant volatile profiles with sufficient peak abundance
for accurate integration. In contrast, there were numerous scribble
sheet samples that did not produce a significant, or very limited,
chromatographic profile. The lowest level of detection for suffi-
cient interpretation was estimated to be 0.1 ppb. It was determined
that insignificant peak area was the result of the age of the ink on
the scribble sheet (e.g., some scribble sheets were 20 to 30 years
old). The results for the samples determined to have poor chro-
matographic profiles were recorded, but not used to calculate the
statistics presented in this paper. A total of 279 black ballpoint inks
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FIG. 2b—The mass spectrum for Peak 1 at retention time (RT) = 8.79 min.
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FIG. 2c—The mass spectrum for Peak 2 at RT = 12.45 min.

from 31 companies and 354 blue ballpoint inks from 26 compa-
nies were determined to have significant chromatographic profiles
necessary for peak integration and, hence, accurate identification
of chemical composition. 2-Phenoxyethanol was identified in 85%
(237/279) and 83% (293/354) of the black and blue inks, respec-
tively. Furthermore, 20 of the 31 companies that have manufactured
black ballpoints used PE in the vehicle in 100% of their ballpoint
formulations and 11 of the 26 manufacturers incorporated PE in all
of their blue ballpoint inks.

The 2-phenoxyethanol standard (J.T. Baker product No. T319-
07, Lot No. N35622) contained two major peaks on the TIC (total
ion chromatogram), and the GC/MS results are depicted in Figs. 2a,
2b, and 2c. In addition to the PE at retention time (RT) 8.79 min,
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2-(2-phenoxyethoxy)ethanol, also referred to as diethylene glycol
phenyl ether (DGPE) or phenyl carbitol, was detected at a RT of
12.45 min. It is identified as CAS number 104-68-7. The Sigma-
Aldrich catalogue (2003-2004) indicates that Dowanol EPH, i.e.,
PE, can contain up to 10% DGPE.

DGPE was detected in 21.5% (60/279) and 12.1% (43/354) of
the black and blue ballpoint inks that contained PE, respectively.
There was no evidence that the level of DGPE was directly related
to the level of PE (e.g., DGPE was occasionally absent in samples
with relatively high levels of PE and was present in samples with
relatively low levels of PE). However, no further study was con-
ducted to examine if the ratio of PE/DGPE changed with aging.
The authors did infer that there may be differences in the compo-
sition of 2-phenoxyethanol that may be attributable to a particular
chemical manufacturer. Indeed, this information could be utilized
to differentiate ink manufacturers depending on their supplier.

GC/MS is an obviously powerful analytical tool, not only for the
dating of inks, but for the identification of some components of
inks. Brunelle and Crawford (19) recently wrote, “GC-MS shows
great promise for strengthening ink identifications, because it can be
used to identify both volatile and non-volatile ingredients of inks.”
Accordingly, the authors were cognizant of this at the outset of the
study and maintained data of all the identifiable components in the
633 black and blue ballpoint inks to determine if there are chemical
class characteristics specific to a manufacturer. A thorough review
of the results and all subsequent conclusions pertaining to the use of
GC/MS to profile company ink formulations was considered a sec-
ondary objective. The authors determined that this analysis would
be better suited in a future work with an extensive and dedicated
discussion to the GC/MS analysis of a large population of ballpoint
inks.

The analysis of volatile components such as PE to determine the
age of an ink is promising, especially when using methods that are
based on the relative loss of a solvent between heated and unheated
samples. There are different scenarios of a document examination
that an examiner may encounter that will significantly affect the
degree of qualification of a conclusion. For example, an examiner
may be requested to compare two or more inks on the same docu-
ment to determine if they were produced contemporaneously. If
prior examinations indicate that the inks are matching formulations,
but they are suspected of being made at two different time periods
(e.g., several months apart), then factors such as storage conditions,
the type of paper, exposure to a variety of environments, and differ-
ences in formulation should not preclude a forensic examiner from
making conclusions with limited qualifications. It is important to
note that the Merck Index (9) indicates that PE is used as a fixative
in perfumes, which would require handlers to be cognizant so as
not to possibly contaminate a questioned document. As well, the
approaches discussed in this paper are not mass independent when
sampling the ink; therefore, care and accuracy need to be adminis-
tered when removing ink plugs for analysis. One final caveat that
requires some consideration is the rate of PE migration on paper
once an entry is made. Since PE is a liquid solvent, it is feasible to
ascertain that it may dissipate through the paper into a questioned
entry if ink is present on the reverse side of a page. Ink may also mi-
grate from nearby adjacent entries, but taking blank samples (e.g.,
samples of the paper with no ink) in close proximity may aid the
examiner in understanding the extent of PE migration.

Another scenario that may be encountered is the analysis of ink
entries on a document that are not of the same formulation. Al-
though one may argue that the document is likely to have been
stored under the same conditions, the level of PE may exist in dif-
ferent levels in different formulations from the same manufacturer.
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Finally, one may be requested to date entries on multiple pages that
are part of the same document submission (e.g., multi-page wills
or contracts) to determine if they were produced at, or around, the
same time. Differences in paper, storage conditions, and how the
document is arranged (e.g., the presence of ink solvents on subse-
quent or overlying pages that transfer to adjacent pages) should be
taken into consideration. Indeed, more research and validation into
these unknown effects will be fundamental in developing standard
allowable variations. Standard error can then be incorporated to ac-
count for human error and experimental deviation that are necessary
to make qualified conclusions of forensic significance.

Conclusion

The identification of PE in over 80% of black and blue ballpoint
ink formulations has shown that studies investigating PE as it relates
to the aging of writing inks have been and continue to be significant.
As our field undergoes necessitated scrutiny of forensic examina-
tions, GC/MS is an excellent and well-proven analytical tool for
the identification and quantification of chemical compounds. Vali-
dation of the instrumentation and the procedures utilized to identify
PE should therefore be minimal. This will allow future researchers
to concentrate their efforts on the development and implementation
of a generally accepted procedure for a dynamic approach to ink
dating.
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An examination to determine the age of ink on a document can
be quite challenging. Cantu (1,2) outlines two approaches to deter-
mine the age of ink on a questioned document. The first of these
is the static approach, which generally applies to methods based
on the comparison of various ink components to a standard refer-
ence collection to determine the first date of production. In fact,
the United States Secret Service (USSS) and the Internal Revenue
Service (IRS) jointly maintain the largest known collection of writ-
ing inks from around the world. These inks date back to the 1920s
and include over 8000 inks obtained from various manufacturers
throughout the world. Annually, contact is made with the pen and
ink manufacturers requesting that they send any new formulations
of inks, along with appropriate information, so that the submitted
standards can be chemically tested and added to the reference col-
lection. Writing pens are also obtained from the open market and
compared to the library of standards to verify and identify additional
inks. This is a formidable task that obviously requires significant
resources and maintenance. Indeed, this is not always a practical

solution for every forensic facility to achieve.

Ideally, ink tags would be the most reliable method for the dating
of inks. Tags can be added to formulations in the form of fluorescent
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compounds or rare earth elements and were evident in some formu-
lations from about 1970 until 1994. Factors have precluded some
ink manufacturers from participating in such a program, including,
but not limited to, insufficient resources, low priority, and/or dis-
agreement about the type of tag utilized. This is not to say that a
widespread tagging agenda is not achievable. On the contrary, ef-
forts do continue to convince ink companies to add tags to their
formulations. As recently as November 2002, a dominant ink man-
ufacturer has begun adding tags to their ink in collaboration with
the U.S. Secret Service.

With stringent demands from the forensic community to develop
and validate scientifically reliable laboratory techniques, imple-
menting other methods for ink dating is an arduous endeavor as
well. Such methods include those involving the dynamic approach,
which incorporates procedures that measure the physical and/or
chemical properties of ink that change with time. The changes that
occur over a given period of time can generally be referred to as
aging characteristics. Ballpoint inks mainly consist of colorants
(dyes and/or pigments) and vehicles (solvents and resins). There is
also a wide array of other ingredients, which may include antiox-
idants, preservatives, and trace elements, but these are typically a
small component of the overall ink composition. Nevertheless, the
importance of their presence should not be diminished since the
combination of all ingredients may play a pivotal role in the ag-
ing characteristics of an ink formulation. However, the subject of
this paper will focus on the vehicles found in ballpoint inks. More
specifically, the authors have chosen to investigate a single volatile
compound that has been reported by the industry to be in many
formulations of inks.

Volatile analysis of ballpoint inks, using GC/MS, for determin-
ing the age of inks on paper has been studied and reviewed in the
literature for more than a decade (3-8). These authors have laid the
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Chemical Abstract Services (CAS) Number: 122-9-6
Molecular Weight: 138.17

CH;OCH,CH,OH

@O—CH;CH;OH

FIG. 1—The chemical structure and formula for 2-phenoxyethanol.

groundwork for what may be a very promising dynamic approach
to the future of ballpoint ink age determination. These works have
honed in on the analysis of 2-phenoxyethanol (PE), a common
volatile organic compound found in some ballpoint writing inks.
2-Phenoxyethanol, also referred to as ethylene glycol monophenyl
ether, 1-hydroxy-2-phenoxyethane, beta-hydroxyethylphenyl ether,
Dowanol EP, and Phenyl Cellosolve, is a glycol ether and is used as
the principal solvent in many ballpoint ink formulations. It is a col-
orless, slow evaporating, viscous liquid with a faint aromatic odor
and is used in most ballpoint ink formulations because it is stable in
the presence of acids and alkalis. It is also nonhygrosopic (does not
absorb water, making it amenable to hot, humid climates), nonhaz-
ardous, economical, and especially good at solubilizing resins and
nigrosine (a common solvent soluble black dye used in the writing
ink formulations). It is recognized as Chemical Abstracts Service
(CAS) number 122-9-6 and has a molecular weight of 138.17 with
a boiling point of 245.2°C (9). Figure 1 depicts the chemical for-
mula and structure of PE. Beshanishvily et al. (4) were the first to
discuss the identification of PE as it relates to the aging of inks.
Since then, Aginsky (5) reported that, ... significant aging [takes]
place over a period of about 3 months. After this period until the age
of 15 years the extent of the extraction of the volatile component
(phenoxyethanol) from the ink entries has been kept at a level about
20%.” Aginsky also describes the ink-drying process and surmises
that volatile components stop emitting from a dried sample of ink
until they are freed by heating or a solvent extraction.

More recently, Gaudreau and Brazeau (10) presented their find-
ings on an extensive research effort that focuses on how PE levels
change over time following an ink entry placed on paper. They
discuss solvent loss and state that the ... phenoxyethanol in ink
evaporates at a high rate during the first six to eight months fol-
lowing its application on paper. The rate of evaporation stabilizes
over a period of six to eighteen months. This process is no longer
significant after a period of about two years.” Given the chemical
properties of PE, its loss due to evaporation is most affected by
heat. With these caveats, they developed a dynamic approach to ink
dating that incorporates comparing the PE ratio of an ink prior to
and after heating.

In addition, Brazeau et al. (11) have experimented with solid
phase micro-extraction (SPME), which utilizes a specially coated
silica fiber that is mounted in a syringe-like device. A small glass
vial is placed over the ink entry with the SPME device inserted in the
sealed environment. Volatile solvents that emit from the ink adsorb
onto the fiber for a set time, i.e., until an equilibrium is achieved
within the system. The fiber is then withdrawn and injected into
a gas chromatograph (GC), whereby the volatile components are
desorbed due to the high temperature (e.g., 250°C) in the injection
port. The analytes are then separated in the GC and identified using
an appropriate analytical instrument such as a mass spectrometer
(MS). SPME has proven to be an efficient and effective method for
the extraction of volatile components (12,13) and has been utilized
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in the authors’ laboratory for the detection of PE in some ballpoint
inks.

Chemical analysis of writing inks by means of thin layer chro-
matography (TLC) is viewed by the scientific community as a valid
procedure to compare inks (14-18). Since TLC is an effective and
efficient method for separating and identifying various colored com-
ponents such as dyes, and nearly all ink formulations are proprietary,
forensic examinations that employ TLC analysis are invaluable. For
instance, two or more questioned inks can be compared to deter-
mine if they are the same, or questioned inks can be associated to
a known standard to determine the age of an ink, i.e., the static ap-
proach. With respect to this latter instance, appropriate information
and documentation acquired from a manufacturer regarding their
ink will allow a forensic document examiner to make significantly
reliable conclusions, assuming there is access to a thorough ink
collection. Although obtaining a supplemental volatile profile may
increase the degree of discrimination, limitations include solvent
loss over time or other external factors such as exposure to high
temperatures, light, and/or humidity.

With the benefit of having a large collection of standards, the
authors determined that it would be advantageous to begin conduc-
ting volatile profiles of writing inks to investigate the percentage
of ballpoint inks that actually contain PE since it is an important
compound of interest for the determination of ink age. An extensive
search of the literature was conducted, but no studies investigated
a large population of inks to determine how often PE is present
in ballpoint ink formulations. Thus, the focus of this paper will
be on the examination for the presence of 2-phenoxyethanol in
633 ballpoint inks.

Materials and Methods
Ink Standards

As stated, ink standards are received by the USSS from all over
the world and date back to the 1920s. As new ink formulations
are received, samples of the ink are placed onto Whatman™ filter
paper No. 2 (also referred to as scribble sheets), allowed to air dry,
placed in a protective sheet and binder, and finally stored in dark
cabinets to ensure minimal degradation due to environmental factors
such as light, temperature, and humidity. Many of the ink standards
are received as a liquid in a bottle and permanently retained, and
others are received in pens, pen refills, or as samples on paper. For
this study, whenever possible, ballpoint ink samples in liquid form
were analyzed directly from the bottle or pen. Other ink samples
were taken off the scribble sheets; however, volatile profiles of
scribble sheet samples were closely examined to determine if they
were suitable to include in the study since some were over 30 years
old. This topic will be discussed under Results and Discussion. A
total of 279 black ballpoint inks from 31 companies and 354 blue
ballpoint inks from 26 companies were chosen for analysis using a
PerkinElmer TurboMass™ gas chromatograph/mass spectrometer.

Extraction

Liquid inks were sampled utilizing a disposable capillary glass
pipette in order to minimize sample handling. The pipette was then
placed into a glass vial containing 1 mL of acetonitrile. The ink and
solvent were agitated/stirred to ensure ahomogenous mixture. Dried
ink samples from scribble sheets were sampled using a 5-mm hole
punch. The punches were taken from a highly dense area and al-
lowed to extractin a vial with 1 mL of acetonitrile for approximately
1 min. The solvent was decanted and placed into a separate vial.
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FIG. 2a—The total ion chromatogram for 2-phenoxyethanol standard (J.T. Baker ™ product No. T-319-07).

Gas Chromatography/Mass Spectrometry (GC/MS)

All of the extracted ink samples were analyzed using an auto
sampler attached to a PerkinElmer Turbomass™ GC/MS. One-
microliter samples were injected into the GC. The column used
was an HP-5 (30 m x 0.32 mm x 0.25 pL) cross-linked 5% phenyl-
methylsiloxane. The injector temperature was set to 260°C and the
flow rate was 1.2 mL/min split mode at 20 mL/min. The temper-
ature program started at 50°C for 1 min and increased at a rate
of 10°C/min to 200°C with a 2-min hold. The second rate was
25°C/min to 300°C with a final 2-min hold. The mass spectrometer
detector was set for full scan from 1.8 to 24 min with the 1.8-min
delay set to begin following the solvent elution, i.e., solvent delay.
The detector was programmed to scan compounds ranging from 28
to 500 atomic mass units (amu).

Results and Discussion

A review of the standards library indicated that at the inception
of this project there were 516 black ballpoint inks from 53 compa-
nies and 854 blue ballpoint inks from 65 companies. All the liquid
ink samples that were obtained from bottles were extracted and ex-
hibited significant volatile profiles with sufficient peak abundance
for accurate integration. In contrast, there were numerous scribble
sheet samples that did not produce a significant, or very limited,
chromatographic profile. The lowest level of detection for suffi-
cient interpretation was estimated to be 0.1 ppb. It was determined
that insignificant peak area was the result of the age of the ink on
the scribble sheet (e.g., some scribble sheets were 20 to 30 years
old). The results for the samples determined to have poor chro-
matographic profiles were recorded, but not used to calculate the
statistics presented in this paper. A total of 279 black ballpoint inks
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FIG. 2b—The mass spectrum for Peak 1 at retention time (RT) = 8.79 min.
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FIG. 2c—The mass spectrum for Peak 2 at RT = 12.45 min.

from 31 companies and 354 blue ballpoint inks from 26 compa-
nies were determined to have significant chromatographic profiles
necessary for peak integration and, hence, accurate identification
of chemical composition. 2-Phenoxyethanol was identified in 85%
(237/279) and 83% (293/354) of the black and blue inks, respec-
tively. Furthermore, 20 of the 31 companies that have manufactured
black ballpoints used PE in the vehicle in 100% of their ballpoint
formulations and 11 of the 26 manufacturers incorporated PE in all
of their blue ballpoint inks.

The 2-phenoxyethanol standard (J.T. Baker product No. T319-
07, Lot No. N35622) contained two major peaks on the TIC (total
ion chromatogram), and the GC/MS results are depicted in Figs. 2a,
2b, and 2c. In addition to the PE at retention time (RT) 8.79 min,
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2-(2-phenoxyethoxy)ethanol, also referred to as diethylene glycol
phenyl ether (DGPE) or phenyl carbitol, was detected at a RT of
12.45 min. It is identified as CAS number 104-68-7. The Sigma-
Aldrich catalogue (2003-2004) indicates that Dowanol EPH, i.e.,
PE, can contain up to 10% DGPE.

DGPE was detected in 21.5% (60/279) and 12.1% (43/354) of
the black and blue ballpoint inks that contained PE, respectively.
There was no evidence that the level of DGPE was directly related
to the level of PE (e.g., DGPE was occasionally absent in samples
with relatively high levels of PE and was present in samples with
relatively low levels of PE). However, no further study was con-
ducted to examine if the ratio of PE/DGPE changed with aging.
The authors did infer that there may be differences in the compo-
sition of 2-phenoxyethanol that may be attributable to a particular
chemical manufacturer. Indeed, this information could be utilized
to differentiate ink manufacturers depending on their supplier.

GC/MS is an obviously powerful analytical tool, not only for the
dating of inks, but for the identification of some components of
inks. Brunelle and Crawford (19) recently wrote, “GC-MS shows
great promise for strengthening ink identifications, because it can be
used to identify both volatile and non-volatile ingredients of inks.”
Accordingly, the authors were cognizant of this at the outset of the
study and maintained data of all the identifiable components in the
633 black and blue ballpoint inks to determine if there are chemical
class characteristics specific to a manufacturer. A thorough review
of the results and all subsequent conclusions pertaining to the use of
GC/MS to profile company ink formulations was considered a sec-
ondary objective. The authors determined that this analysis would
be better suited in a future work with an extensive and dedicated
discussion to the GC/MS analysis of a large population of ballpoint
inks.

The analysis of volatile components such as PE to determine the
age of an ink is promising, especially when using methods that are
based on the relative loss of a solvent between heated and unheated
samples. There are different scenarios of a document examination
that an examiner may encounter that will significantly affect the
degree of qualification of a conclusion. For example, an examiner
may be requested to compare two or more inks on the same docu-
ment to determine if they were produced contemporaneously. If
prior examinations indicate that the inks are matching formulations,
but they are suspected of being made at two different time periods
(e.g., several months apart), then factors such as storage conditions,
the type of paper, exposure to a variety of environments, and differ-
ences in formulation should not preclude a forensic examiner from
making conclusions with limited qualifications. It is important to
note that the Merck Index (9) indicates that PE is used as a fixative
in perfumes, which would require handlers to be cognizant so as
not to possibly contaminate a questioned document. As well, the
approaches discussed in this paper are not mass independent when
sampling the ink; therefore, care and accuracy need to be adminis-
tered when removing ink plugs for analysis. One final caveat that
requires some consideration is the rate of PE migration on paper
once an entry is made. Since PE is a liquid solvent, it is feasible to
ascertain that it may dissipate through the paper into a questioned
entry if ink is present on the reverse side of a page. Ink may also mi-
grate from nearby adjacent entries, but taking blank samples (e.g.,
samples of the paper with no ink) in close proximity may aid the
examiner in understanding the extent of PE migration.

Another scenario that may be encountered is the analysis of ink
entries on a document that are not of the same formulation. Al-
though one may argue that the document is likely to have been
stored under the same conditions, the level of PE may exist in dif-
ferent levels in different formulations from the same manufacturer.
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Finally, one may be requested to date entries on multiple pages that
are part of the same document submission (e.g., multi-page wills
or contracts) to determine if they were produced at, or around, the
same time. Differences in paper, storage conditions, and how the
document is arranged (e.g., the presence of ink solvents on subse-
quent or overlying pages that transfer to adjacent pages) should be
taken into consideration. Indeed, more research and validation into
these unknown effects will be fundamental in developing standard
allowable variations. Standard error can then be incorporated to ac-
count for human error and experimental deviation that are necessary
to make qualified conclusions of forensic significance.

Conclusion

The identification of PE in over 80% of black and blue ballpoint
ink formulations has shown that studies investigating PE as it relates
to the aging of writing inks have been and continue to be significant.
As our field undergoes necessitated scrutiny of forensic examina-
tions, GC/MS is an excellent and well-proven analytical tool for
the identification and quantification of chemical compounds. Vali-
dation of the instrumentation and the procedures utilized to identify
PE should therefore be minimal. This will allow future researchers
to concentrate their efforts on the development and implementation
of a generally accepted procedure for a dynamic approach to ink
dating.
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Abstract

The determination of the age of an ink entry from a questioned document is often an essential problem and a controversial issue in forensic
sciences. Therefore, it is important to understand the aging process of the different components found in ink. The aim of this work was to study the
drying process of ballpoint ink, characterised by the disappearance of volatile solvents from the ink entry. Phenoxyethanol is of particularly high
interest as it is found in more than 80% of the blue ballpoint pens at different concentrations.

Liquid extraction followed by splitless gas chromatography/mass spectrometry in the selected ion mode was used to measure the quantitative
decrease of solvents from ink entries made with a blue Parker™ ballpoint pen. Quantities of ethoxyethoxyethanol, dipropylene glycol,
phenoxyethanol and phenoxyethoxyethanol were studied in ink entries up to 1.5 years old, thus allowing to calculate aging curves for this
particular pen. The low quantities of solvents (in the microgram range for a 1 cm ballpoint entry) were found to decrease quickly after deposition of
the ink on paper through the competitive processes of evaporation and diffusion. Losses of up to 75% of solvents were observed after a few seconds.
The amount of ethoxyethanol stopped decreasing after about 10 days (quantities reached the nanogram range for a 1 cm ballpoint entry), while the
aging curves of dipropylene glycol, phenoxyethanol and phenoxyethoxyethanol level off considerably after 2 weeks. It was observed that
ethoxyethanol, dipropylene glycol and phenoxyethanol can also migrate from one sheet of paper to another if placed close enough (e.g. in a book or
a stack of papers), therefore contamination from fresh ink strokes from other paper sheets has to be taken into account for those solvents.

In this paper we demonstrate that differentiation between fresh ink (<2 weeks) and older inks is possible under laboratory storage conditions.

For real cases samples, more parameters have to be studied and other possible pathways have to be considered.

© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

In the forensic field of questioned documents, the following
query arises very often: when was a ballpoint pen entry made on
a document? For this reason the accurate dating of ink entries
has always been of high interest for the document examiner and
a large number of methods have been developed throughout the
years [1-7] focusing on the aging processes of the substances
contained in the ink such as resins, dyes and solvents. Since the
aging processes are strongly influenced by the environmental
conditions to which the ink entries are exposed (temperature,
humidity, light), these methods cannot deliver unambiguous
answers except for a relative dating of ink entries (comparison
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of entries of the same ink formula, on the same paper and aged
under the same conditions). In addition, these methods are often
considered to deliver higher measurement errors than
predictable variations, and are therefore not used in many
forensic laboratories. Lately interest has arisen again for a
method first proposed by Stewart in 1985 [8], in which
evaporation of the volatile components of the ink is measured
using GC/MS. Interestingly, however, two different studies
indicate that the dating of ink by this method is not possible
after a few days [9,10], whereas in another study very positive
results for analysis over longer periods of time were reported
[11-13]. Although these contradictory observations could be
explained by the different sample preparation methods used and
the different evaluation of the results, more studies are
necessary to investigate this situation.

Ink solvent sample preparation for GC analysis can take
different forms: extraction with different solvents (acetonitrile
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[12], dichloromethane [9] or methanol [14]), derivatisation
[10], solid phase microextraction (SPME) [14] and thermo-
desorption with cryo focusing [15].

In general, solvents represent more than 50% of the weight
of ballpoint ink [15,23,24] and disappear from the stroke over
time. The basic idea of the analysis of the solvent disappearance
kinetics is to extract all the solvents from the stroke and analyse
them quantitatively at different times after placement of the ink
on paper. With this, it is usually possible to determine aging
curves showing the decrease of the solvent in the ink entry with
time. In the chromatogram the ratio of the peak area of the
solvent to that of any internal standard would decrease with
time. It is expected that this dependence of the relative peak
area (RPA) on time will be affected by a number of other factors
other than volatility. In particular, it may depend on the total
solvent mass deposited on the stroke, and thus the extracted
mass would scale with the width and thickness of the ink entry.
To solve this problem, Aginsky proposed to use the ratio of the
peak area of the solvent which evaporates to that of a non-
volatile or solid volatile stable component of the stroke [12]:

RPA — area of peak of volatile solvent

area of stable peak

In this way, this ratio is independent of the extracted quantity
and should, in principle, decrease exponentially with time. The
difficulty with this procedure, however, is to find a stable non-
volatile substance in the chromatogram. Aginsky proposed dye
as a non-volatile component [5,12] or phthalic anhydride as a
solid volatile component [12], but Fortini [9] observed that
phthalic anhydride does disappear from the stroke with time.
Lociciro et al. [10] managed to identify a stable compound in
the ink by derivatising the extraction with MSTFA (N-methyl-
N-trifluoroacetamide), but this approach probably reduces
sensitivity through this additional step. Also SPME was found
to be a quick extraction method, but not quantitatively
reproducible [14]. Presently, however, cryo-focus thermo-
desorption seems to be the method of choice, because it avoids
potentially modifying preparative steps. Additionally, this
method effectively extracts monomers, readily identifiable in
the chromatogram and eventually usable as stable peaks [15].

Drying is a very complex phenomenon which is char-
acterised by simultaneous evaporation of the solvents in the
ambient air and their adsorption/diffusion in the paper. Among
other things, these processes are influenced by temperature,
humidity and the adsorption/diffusion properties of the paper-
solvent system. In a previous forensic study dealing with
absolute dating [12], the simplifying assumption has been made
that the following elements:

- common storage conditions (temperature, humidity, adjacent
material)

- paper properties (pore size, coating, pH)

- composition of ink (solvents, dyes, resins and additives
mixture)

have no decisive influence on the aging curves (drying rate),

and that threshold values of ink aging parameters can still be

used to determine if an ink entry is fresh or old without

knowledge of these factors. Later it was stated by the same
author [13] that these factors have indeed an influence, but no
details about the extent of this influence were described. By
taking into account the basic principles of the theory of drying,
one can easily see that these factors cannot be neglected and
that doing so will lead to mistaken interpretation of the results.
The importance of assessing many additional variables when
evaluating the drying process has also been mentioned by
White [16].

In principle, drying processes proceed as simultaneous mass
and heat transfer and the thermal energy needed to evaporate a
liquid from a porous solid is provided from the ambient air [17].
For the purpose of analysis, the drying process can be separated
in three phases [17-20]:

(1) Increasing rate of drying: In this phase, evaporation rate
increases as the wet external surface area grows through
lateral diffusion along the paper fibres. This process can be
neglected for very small quantities.

(2) Constant rate of drying: This phase is achieved when the
evaporation rate and the surface area reach a stationary
phase and equilibrium-like conditions at the free surface
occur.

(3) Falling rate of drying: In this phase, the migration of
solvents towards the surface from the bulk becomes slower
than the evaporation rate at the surface (unsaturated). Two
mechanisms operate here: The evaporation surface recedes
into pores (1st falling), and later, capillary migration stops
by increased physisorption (physical absorption) in
cellulose fibres and evaporation occurs in paper (2nd
falling).

Due to the fact that diffusion and adsorption (physisorption)
mechanisms play such an important role in the drying of
solvents on porous media, a wealth of external factors must be
taken into account. Among these are temperature (of air, solid,
ink), vapor pressure (air, solvents), air movement (laboratory,
cupboard), solvents mixture properties (vaporization of
solvents mixture, viscosity), paper properties affecting heat
transfer and mass transfer coefficients. In particular, the drying
time would reflect this situation and also is dependent on these
parameters. Theoretical drying rate equations have been
proposed, but since most of the factors involved are difficult
to determine theoretically, these equations are of limited
applicability and additional empirical measurements are
needed to follow the drying of ink on paper.

Lociciro et al. [10] reported a loss of 89-98% of
phenoxyethanol from the ink entries in a few minutes and
attributed this loss to evaporation. In other work, Selim et al.
[21] reported a rate of penetration of the solvents in the paper at
least 20 times higher than the rate of evaporation for water-
based inks. This is consistent with the objectives of ballpoint
pen manufacturers of producing a fluid ink which is easily
applied on paper (yielding low friction of the ballpoint with the
paper), while at the same time is drying very quickly at ambient
temperature (to avoid smearing of the ink after deposition). Due
to these requirements, as opposite to those of the dyes, solvents
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are not meant to remain in the ink entries for years, but only to
help the application of the ink on paper. In fact, the deposited
solvent quantities are typically in the microgram range [22,23]
and decrease very quickly.

The aim of this work was to characterise the drying of
ballpoint ink on paper by measuring the quantitative decrease of
the solvents from the stroke after deposition on paper. For this
purpose, both evaporation and diffusion have been taken into
account. The results should enable forensic scientists to better
understand the aging processes of the solvents on paper and to
assess the feasibility and limitations of dating ink by
quantitative analysis of solvents. Liquid extraction and
subsequent GC/MS analysis were chosen as experimental
methods. Preliminary studies over a period of 2 years for the
solvents ethoxyethoxyethanol and dipropylene glycol [23] gave
encouraging results. The present study focuses on a ballpoint
pen containing phenoxyethanol as major component among
other solvents. This substance is found in over 80% of the blue
and black ballpoint pens [25] and its disappearance from ink
entries was studied in previous work [10,12,14,22]. The support
of the ink entry clearly has an additional effect on ink drying,
but a study of its parameters (paper pH, surface finish, fibre
finish, coating, etc.) constitute in itself a whole new survey and
was not specifically addressed in this work.

2. Experimental
2.1. Materials

Substances used for reference were pure ethoxyethoxyethanol (E; b.p.
202 °C, viscosity 4 cP) and dipropylene glycol (D; isomers mixture; b.p.
230 °C, viscosity 75 cP) purchased from Sigma—Aldrich (Steinheim, Germany)
and phenoxyethanol (P; b.p. 247 °C, viscosity 22 cP) purchased from Riedel-
de-Haén (Seelze, Germany). Phenoxyethoxyethanol (PE) was not available as a
reference standard and has not been purchased for our experiments. Blue
Parker®™ ballpoint pen entries (Medium, ISO 12757-2, UK) were applied on
multifunction bright-white, wood and chlorine free paper from Igepa Plus (80 g/
m?, DINA4, nr. 806 A 80, Reinbeck, Germany). Eleven additional blue ballpoint
pens were purchased in Germany for comparison purposes. Extraction of
solvents from the ballpoint pen entries for GC/MS measurements was made
with DCM (dichloromethane, Merck, Darmstadt, Germany) containing the
internal standard (IS) 1,3-benzodioxole-5-methanol. Extraction was made in
50 wl micro glass insert, held in 1.5 ml short amber threaded glass vials (VWR,
Darmstadt, Germany). The flasks were locked with screw silicone caps coated
with PTFE. A standard 10 wl Hamilton syringe (Bonduz, Switzerland) was used
for the injection into the GC.

2.2. Instrumentation and analysis

For the weighting experiments, a micro-balance AX26 Comparator (Mettler
Toledo, Greifensee, Switzerland) was used in the microgram range.

Analysis of the solvents relative peak area was made on a Gas Chromato-
graph/Mass Spectrometer MAT 4500 from Finnigan MAT GmbH, Bremen
(now Thermo Electron GmbH, Bremen). The instrument was equipped with the
data acquisition software MASPEC Data System (MSS—Mass Spectrometry
Services Ltd., Manchester, UK). Separation was carried out on a CP-Sil 8§ CB
low bleed/MS capillary column from Varian (Chrompack, Middleburg, Nether-
lands). The column was 60 m long and had an internal diameter of 0.25 mm and
film thickness of 0.25 wm. The chromatographic elution was temperature
programmed as follows: isothermal at 50 °C for 6 min, then from 50 to
300 °C at a rate of 10 °C/min, and finally isothermal at 300 °C for 5 min.
The carrier gas was helium (Messer Griesheim GmbH, Frankfurt, Germany)

with a constant flow of ~3 ml/min (at 30 psi). For the chromatographic
separation, a solvent delay of 300 s was chosen. To improve sensitivity, the
sample was injected in the splitless mode and the injector temperature was
maintained at 200 °C, which was sufficient to volatise all the substances of
interest. The interface temperature was set at 250 °C to avoid recondensation.
The MS part of the GC/MS was a highly sensitive quadrupole instrument with a
mass range up to 1000 u. Ions were formed by electron impact (EI), with a fixed
electron energy of 80 eV. The temperature of the ionisation block was kept at
120 °C. For qualitative analysis, the instrument was used in the SCAN or Total
Ion Current monitoring (TIC) mode. Masses were scanned in the quadrupole
from m/z 33 to 400 u at a sweep time of 0.95 s. The obtained mass spectra were
further evaluated employing the NIST database (MS Search Program Version
1.0, NIST, MSS Ltd., Manchester, England), which allowed the identification of
the eluting substances. The results were also confirmed by GC/MS analysis of
standard substances, which allowed the comparison of the relative retention
times and mass spectra of the samples and standards.

To ensure better quantitative accuracy, the Selected Ion Monitoring (SIM)
mode was employed, due to its higher sensitivity. This allowed lower quantities
of solvents to be detected and quantified than in the TIC mode. For the purpose
of the intended analysis, 15 particular ions were selected and monitored,
corresponding to the masses: 45, 59, 65, 72, 75, 77, 89, 93, 94, 103, 104,
135, 138, 152 and 182 u. These ions signals correspond to the four solvents
found in the chosen ballpoint pen and the internal standard.

2.3. Sample preparation
2.3.1. Calibration curves for quantification

To determine calibration curves, pure solvents were dissolved in dichloro-
methane at concentrations of 0.0005, 0.001, 0.0025, 0.005, 0.0075, 0.01, 0.05
and 0.1 mg/ml with 0.0227 mg/ml internal standard concentration.

2.3.2. Ballpoint pen entries

Ballpoint pen entries were drawn on paper with the help of a ruler and stored
in a cupboard at room temperature. Entries were about 0.5 mm wide and 50 mm
long. For logistic reasons, fresh ballpoint pen entries were held in the laboratory
(at constant temperature), while older strokes (older than a month) were kept in
a separated office (no air conditioning).

2.3.3. Standard extraction procedure

Ballpoint pen entries of about 1 cm were cut in 10 mm X 2 mm rectangles
from the paper sheet and placed in a small vial. The solvents were extracted
during 10 min in a ultra-sonic bath in 10 wl DCM with an IS concentration of
0.0227 mg/ml. The extraction procedure takes about 22 + 1s. A 2 pl aliquot
from the extraction mixture was then injected splitless on the GC column. To
perform paper blank and diffusion measurements, pieces of paper of identical
dimensions were cut and extraction was carried out following the same
procedure. For lateral diffusion experiments, the pieces were cut parallel
and at the side of the stroke, at different distances from its centre.

2.4. Experiments

2.4.1. Weighting of the strokes

For the determination of the initial concentration of the solvents in the
ballpoint pen, the cartridge of a ballpoint pen Parker™ was opened and the
solvents were quantified by GC/MS with the mentioned procedure. The
experiment was repeated three times and the mean percentage weight of solvent
in the ink was obtained. The mean weight of 1 cm ballpoint pen ink entries was
determined by measuring the following parameters six times and taking the
average:

- The weight difference of the pen before and after writing 20 entries of 5 cm
length.

- The weight difference of a piece of paper before and after 20 entries of 5 cm
length were written on it.

2.4.2. Aging
Changes in the quantity of solvent as a function of the time were measured
for entries over 1.5 years old. For each point in time, three entries were extracted
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and analysed by GC/MS with the mentioned procedure. To check the reprodu-
cibility of the results for the time # = 0 measurements (i.e. just after the strokes
were made), the procedure was repeated on different days.

2.4.3. Diffusion and migration

Once the ink is applied on the paper, the solvents diffuse and migrate away
from the stroke through the paper until equilibrium-like conditions are reached.
To quantify this phenomenon, solvent extraction was performed from rectan-
gular pieces of paper cut at distances of 2, 4, 6 and 8 mm next and parallel to the
stroke, as mentioned above. In this way, most of the paper area in which lateral
diffusion takes place was covered by the analysis.

During the research, the importance of an additional process relevant to
solvent losses from strokes was discovered. This mechanism corresponds to
migration of the solvents from one sheet of paper to another one through solvent
mass transport perpendicular to the surface of paper and was first addressed by
Andrasko [14] To quantify this solvent migration, blank sheets of paper were
deposited on top of or under a sheet of paper having fresh ink stroke applied on
it. The following arrangements were tested in order to understand the extent and
importance of such processes. Contacts without additional pressure lasted
15 min:

- A blank paper was laid on top of the paper with the fresh ink entry directly
after the application of the stroke.

- A blank paper was laid under the paper with the fresh ink entry during the
application of the stroke.

- A blank paper was deposited on top of the paper with the ink entry 30 min
after the application of the stroke.

3. Results and discussions

In the following presentation of the results, the error bars
shown in the figures correspond to the mean standard deviation
of the measurements.

3.1. Qualitative analysis

Entries from 31 blue ballpoint pens were extracted from
paper and analysed by GC/MS to determine the usual solvent
mixtures compositions. From these, 94% of the ballpoint pens
were found to contain phenoxyethanol and 61% were found to
contain phenoxyethoxyethanol. Benzyl alcohol (61%) and
propylene glycol (54%) were also found in several ballpoint
pen inks. These substances are more volatile than the ones
previously mentioned. Therefore, they disappear faster from
the stroke and would not perform as adequately in the possible
dating of ink. The following solvents were also detected in
some ballpoint pens: hexylene glycol (23%), ethoxyethox-
yethanol and dipropylene glycol (10%), butylene glycol (6%),
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Fig. 2. SIM chromatograms of the extraction of 1 cm Parker™ ballpoint pen
stroke at time (a) # = 0 and (b) ¢ = 10 days after application of the ink on paper.
The x-axis represents the relative retention time (RRT) of the solvents to the
internal standard (IS). The TIC signals of the 15 selected ions are
ethoxyethoxy10.1016/j.forsciint.2006.06.076thanol (E), dipropylene glycol
(D), phenoxyethanol (P), the IS at a concentration of 0.0227 mg/ml and
phenoxyethoxyethanol (PE).

butoxyethanol (6%) and in one pen phthalic anhydride was
detected. Typically, a specific ballpoint pen contained one to
five of these solvents.

For further analysis, a Parker™ blue ballpoint pen was
chosen from the pool. Its ink contained four solvents:
phenoxyethanol, phenoxyethoxyethanol, ethoxyethoxyethanol
and dipropylene glycol (see Figs. 1 and 2). The chromatogram
of the solvent blank was taken for reference to allow for

(E) Ethoxyethoxyethanol (D) Dipropylene Glycol

b.p. 196 °C

m.w. 134 g/mol b.p.230°C

m.w. 134 g/mol

OCH,CH,OH OCH,CH,0CH,CH,0H

(P) Phenoxyethanol (PE) Phenoxyethoxyethanol

b.p. 247 °C
m.w. 138 g/mol

b.p. 287 °C
m.w. 182 g/mol

Fig. 1. Structure formula, boiling points and molecular weight of the four solvents found in the ballpoint pen Parker entries on paper by GC/MS analysis.
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subtracting the chemical background. Additionally, chromato-
grams of the paper blank were taken and did not show any
peaks.

3.2. Quantitative analysis

Since no non-volatile compound belonging to the ink
composition was found in the chromatograms (i.e. no peak
stable in intensity over aging time), it was necessary to
introduce an internal standard to perform quantification. The
relative peak area for any given substance S; was calculated as
follows to minimize the error:

peak area of S;

RPA = (1)

peak area of IS

The RPA is a measure of the quantity of solvent in the stroke
relative to that of the internal standard. Using this definition, a
set of linear calibration curves were determined using reference
substances of E, D and P by measuring six different points in the
concentration range from 0.005 to 0.1 pg/cm. The following
expressions characterize these curves:

RPAg = cg X 6.9609  R?> = 0.9401 (2a)
RPAp = ¢p X 5.6275  R?> = 0.9643 (2b)
RPAp = cp x 10.644 R?> =0.9933 (2¢)

where c; is the concentration [pg/cm] of the target substance i
and R? is the regression coefficient of the fitting.

Twelve ballpoint pens containing at least E, D or P were
selected for comparative quantitative analysis in their ink
entries at time f=0. The results (see Table 1) show that
initial quantities of solvents in different ballpoint pens can
significantly diverge. In fact, ballpoint 11 has about 5% of
the P content of ballpoint 1. An important conclusion
resulting from this observation is that the initial quantitative
composition of the ink should be known to interpret correctly
the age of an ink by measuring the loss of the solvent from
ballpoint pen entries.

Table 1
Initial concentrations of the solvents ethoxyethoxyethanol (E), dipropylene
glycol (G), phenoxyethanol (P) in strokes of 12 different ballpoint inks

Pen number Initial substance content (pg/cm)

E D P
1 0 0 0.66
2 0 0 0.57
3 0 0 0.53
4 0 0 0.42
5 0 0 0.41
6 0 0 0.38
7 (Parker) 0.21 0.33 0.30
8 0 0 0.22
9 0 0 0.21
10 0.18 0.25 0.20
11 0 0 0.032
12 0.29 0.83 0

3.3. Weight of a stroke

Quantitative analysis of the ink in the ballpoint cartridge
gave a total weight percentage of solvents of approximately
53% (without including PE as it was not purchased as a
standard for quantification) distributed as follows: 24 + 8% for
E, 11 &+ 1% for D and 18 4+ 2% for P.

As explained before, the mass of 1 cm ballpoint pen entry was
calculated by weighing the loss of ink in the ballpoint pen (c¢;) and
by weighing the gain in ink on a piece of paper after writing (c5).
Six replicate measurements gave c¢; = 6.63 £ 0.49 pg/cm and
c>=4.63 = 0.71 pg/cm, respectively. The higher error with ¢,
can possibly be explained because firstly, paper is a porous
material and secondly, solvent evaporation occurs quickly during
the measurements. Comparatively, the ballpoint pen cartridge is a
closed environment and relative evaporation is minimised. Itis to
be expected then, that ¢; gives a more precise estimation of this
parameter. Another source of error is an uneven application of the
strokes, particularly when ink accumulates on the ballpoint and is
deposited as a thick mass at the beginning or end of a stroke. From
the preceding results, the following initial concentration (c;) of E,
D and P in 1 cm stroke can be extrapolated from the cartridge
weight loss (¢1): ¢; (E) = 1.59 pg/cm, ¢; (D) = 0.74 p.g/cm and c;
(P)=1.20 pg/cm.

3.3.1. Aging

The aging curves were obtained for each solvent by
displaying the RPA values as a function of the square root of
time in hours (see Fig. 3a). The RPA values decreased very
quickly in the first 3 h. After 2 weeks, the rate of drying slowed
considerably. The curves were best fitted with an expression
proposed by Lociciro et al. [10]:

RPA = Py + 125 e(_t/p3)0'5 -+ P4 e(_t/p5>0'5 (3)

A double logarithmic scale allows for a better representation
of the decrease of the solvents in the ink entries with time (see
Fig. 3b). A double logarithmic fit resulted in regression factor
R? between 0.9346 and 0.9965. RPA values for E decreased
very quickly at the beginning and stayed constant after about 10
days. On the other hand, solvent disappearance for D and P
could still be measured after 562 days. The RPA values for PE
were lower than for the other solvents and were decreasing
more slowly. From these results, it can be concluded that the
above mentioned constant drying phase is over quickly and
cannot be measured for such small quantities. The first
derivative of these curves represents the decreasing drying rate.
This interpretation can be aided if we consider the first
exponential in Eq. (3) to represent the 1st falling rate (diffusion
to the surface), and the second exponential to describe the 2nd
falling rate (physisorption has occurred).

The concentrations of solvent in the stroke at time ¢ can be
directly calculated from the RPA values (see Fig. 4). These
quantities decreased very quickly. After 10 days the values
reached levels below 0.1 pg and after a year were in the ng/cm
range. For time 7 = 0, the following quantities were measured:
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Fig. 3. Aging curves for the solvents ethoxyethoxyethanol (E), dipropylene glycol (D), phenoxyethanol (P) and phenoxyethoxyethanol from Parker™ ballpoint pen
entries: (a) RPA (relative peak area of solvent to the IS) as a function of the square root of the time in hours (usual display for drying curves) and (b) RPA as a function
of time on a double logarithmic scale. These curves can be interpreted by assuming that the solvents disappear from the stroke through the combined processes of

evaporation and diffusion.

¢ (E)=0.21 £0.01 pg/em, ¢ (D) =0.33 £0.02 pg/cm, ¢
(P)=0.30 £ 0.03 pg/cm. If compared to the extrapolated
values for the solvents losses from the cartridge (c;) reported
above, the loss of solvents right after application on paper, it is
possible to conclude that 87% E, 56% D and 75% P
disappeared from the stroke in the few seconds after drawing a
ballpoint line. This corresponds to a loss of solvent of 75% (if
we do not consider PE, which has not been quantitated). The
competitive processes of evaporation and diffusion can
explain why a solvent with a higher boiling point (P)
disappeared faster from the stroke than another one with a
lower boiling point (D). The friction of the ballpoint pen
eventually heats the ink slightly during the application, thus
giving an initial energy and quickening the initial evaporation.

The mean relative standard deviations (RSD) of three
measurements were typically between 5 and 30% (only in one
case for ethoxyethoxyethanol did the RSD reach almost
68%). The estimated RSD increased with decreasing
quantities. Measurements from fresh ink entries (r=0)
carried out on a short period of time (a few weeks) had a
mean RSD below 10%. At a few months interval, the RSD
increased slightly up to 30%.
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Fig. 4. Mass per stroke length of solvents ethoxyethoxyethanol (E), dipropy-
lene glycol (D), phenoxyethanol (P) and phenoxyethoxyethanol from a Parker™
ballpoint pen in the cartridge and for different times after application on paper.

4. Diffusion and migration

To quantify solvent diffusion, the concentrations of solvents
were measured at distances of 2, 4, 6 and 8 mm from the ink
stroke, for times ranging from ¢ = O to = 12 days (Fig. 5). E and
P diffused quickly in paper (low viscosity), while D diffused
slower (high viscosity). No diffusion of PE was detected next to
the stroke.

The points in Fig. 5 were joined with a Gaussian fit to
represent the diffusion curves (area under the curves represents
the quantities of solvent per length of stroke). The obtained
curves can be integrated to estimate the mass of solvents
disappearing from the paper through evaporation and eventual
migration out of the paper (see below). The diminishing area
with time represents approximately the loss of solvents from the
paper (diffusion over 8 mm away from ink entry is neglected as
it has not been measured, but it is presumably very small as seen
from the plotted tendencies). Table 2 shows the percentage of
solvents loss from the paper (evaporation) and from the stroke
(evaporation and diffusion). The values were extrapolated
respectively from the data obtained by integration of the
diffusion plots (approximation of the evaporation) and the
quantitative GC/MS analysis (rest of solvent in the ink entry).

In Fig. 6, the concentrations of E, D and P as measured 2 mm
next to the stroke are displayed as a function of time. The
character of these curves can be explained taking into account
the complementary processes of evaporation and diffusion: the
solvents migrate into the paper and evaporate at the same time.

The fact that diffusion plays such an important role in the
disappearance of some solvents from the stroke opens some
consideration about the sampling of the stroke. Other
researchers in their analyses [10], have tried to cut as little
paper as possible together with the ink stroke, to avoid
interference of paper with the analysis. Our results about
diffusion, however indicate that as much paper as possible
should be cut out with the stroke for extraction to collect a
meaningful amount of solvents (unfortunately, cutting larger
pieces than 10 mm x 2 mm proved to be inadequate to extract
in 10 pl solvent as some parts were not immerged in the



C. Weyermann et al./ Forensic Science International 168 (2007) 119-127 125

[=}
o
o

1
m

e

-

w
L

Concentration [ug cm’]
o [=]
o —_
b L

= =
T T T T T T 1

8 -6 4 =2 0 2 4 6 8
distance from ink entry [mm]

m t=0h
e t=05h
4 t=1h
t=5h
¢ t=24h
4 t=288h

8 6 -4 =2 0 2 4 6 8
distance from ink entry [mm]

0.30-

"E 0.251

[&]

5 0.20-

 wes

2 0.15

*@' 0.15 4

|

 0.10-

c

[e]

O 0.054
0.00-

8 6 -4 2 0 2 4 6 8
distance from ink entry [mm]

Fig. 5. Diffusion [pg/cm] of the solvents ethoxyethoxyethanol (E), dipropylene
glycol (D), phenoxyethanol (P) away from the ink stroke (0 mm) at different
times ¢ after application of the stroke on the paper (RPA = relative peak area).
For the continuous line curves, Gaussian fits were carried out to characterise the
diffusion. The error range (not shown in the graphics) lies between 20 and 50%
for such small quantities.

solvent). A small extraction experiment allowed us to
demonstrate that fact. A 1 cm stroke was extracted with as
little paper as possible, and the results showed that only 29% of
E, 74% of D and 66% of the mean values for the normal
extraction (10 mm x 2 mm paper and stroke) were obtained.
This fact alone would account for a significant loss in
quantification sensitivity.

Possible contamination of old strokes through solvents
migration by fresh stroke from adjacent paper sheets has also
been tested (Fig. 7). It was observed that solvents from a fresh

Table 2

Loss of the solvents ethoxyethoxyethanol (E), dipropylene glycol (D), phenox-
yethanol (P) from 1 cm stroke a few seconds after application of the stroke on
paper (percentage amount in 1 cm ink entry)

% in 1 cm ink entry

E D P
Cartridge 100 100 100
Loss from paper (=22 s) 56 11 44
Loss from stroke (f =22 s) 87 56 75

The loss of solvents from the paper is taken to be mainly due to evaporation,
while the loss from the stroke is due to competitive evaporation and diffusion.
As E and P diffuse well in paper, the evaporation surface is higher and they
disappear quickly (few seconds after application). D diffuses slowly and
therefore evaporation is also lower.
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Fig. 6. Quantitative evaporation and diffusion [pug] of the solvents ethox-
yethoxyethanol (E), dipropylene glycol (D), phenoxyethanol (P) as measured
2 mm next to the ink entry as a function of the time elapsed since apposition of
the ink on paper.

stroke (¢ = 0), can migrate very efficiently to the adjacent sheets
of paper in a pile. Our measurements show that about 0.025 to
0.075 pg/cm of the solvents E, D and P did migrate into the
next sheet of paper during the 15 min contact. Even if the
contact is made as late as half an hour after apposition of the
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Fig. 7. Measurements of the migration of the amounts of the solvents ethox-
yethoxyethanol (E), dipropylene glycol (D), phenoxyethanol (P) transferred
from an ink entry to an adjacent sheet of paper during a 15 min contact (values
correspond to single measurements): quantities in the stroke at =0 (B),
quantities in a sheet of paper placed over B (A), quantities in a sheet of paper
placed under B (C) and quantities in a sheet placed over B (A) 0.5 h after
apposition of the ink entry on B.
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stroke, more than 0.025 pg/cm of P still migrated into the
adjacent paper. In general, the migrating quantities exceeded
the quantities found in a stroke after 2 weeks under the studied
circumstances, therefore contamination is an eventuality that
has to be taken into account, if one wants to date ink entries by
solvent quantification.

In general, the quantities diffusing and migrating into the
paper are very low. Since additionally the paper structure is not
even, the diffusion patterns are not very reproducible and the
error in the measurements is rather high (up to 50% relative
mean standard deviation). These fluctuations in the diffusion
and migration patterns also affect the error in the measurements
of the amount of solvents in the ink entries.

5. Conclusion

Liquid extraction followed by splitless gas chromatogra-
phy/mass spectrometry in the selected ion mode was found to
be an adequate method for the quantitative analysis of solvents
from ballpoint ink entries down to the ng/cm range. The
amount of solvents in the cartridge corresponding to 1 cm
ballpoint pen entry are typically in the pg range and vary
between different ballpoint pens. Phenoxyethanol is found as
an ink solvent in more than 90% of the studied ballpoint pens.
More particularly, ink in a Parker™ ballpoint pen cartridge
contained at least 53% of solvents per weight. Even if these
solvents have relatively high boiling point, a large fraction has
disappeared a few seconds after deposition of the ink on paper
(up to 75% of total solvent mass for the ballpoint pen Parker™).
Our results demonstrate that ink aging by solvent disappear-
ance is due to the competitive processes of evaporation and
diffusion. Solvents with a low viscosity diffuse quickly in
paper, thus increasing the evaporation surface and rate. As a
general conclusion resulting from this study, it was found that
for quantitative analysis not only the ink stroke itself, but also
several mm of the adjacent paper should be used for extraction
of the solvents. Quantities of ethoxyethoxyethanol in Parker®™
ballpoint pen entries stopped decreasing about 10 days after
deposition on paper. Apparently about 1 ng stays trapped in
1 cm stroke through a physisorption process, and this amount
seemed to stay constant afterwards. On the other hand, the
amounts of dipropylene glycol, phenoxyethanol and phenox-
yethoxyethanol were still noticeably decreasing after 1.5
years. From the analytical point of view, however, the low
quantities remaining after a few weeks (ng/cm range) produce
higher measurement errors. The determined aging curve levels
off considerably after 2 weeks, so it would be theoretically
possible to differentiate entries made within less than 2 weeks
from older ones. Unfortunately, the time from the moment a
potentially backdated document emerges to the moment an
analysis is carried out, is of the order of 1-2 months due to
bureaucracy.

Giving legal conclusions about the age of an ink entry from
the solvent measurements procedures presented in this work
would still be a dubious procedure, as our results apply only to
laboratory conditions. Many factors which play an important
role in the disappearance of solvents are dependent on the

storage conditions, which are in general not known in a real
case. For example the influence of different papers and solvent
compositions, and of temperature and humidity fluctuations on
the aging curves have not yet been studied. Moreover, the initial
quantities of solvents in the ink should also be known (first
value (r=0) in the aging curves) to attempt absolute age
determination. Unfortunately the ink industry changes compo-
sitions frequently with consideration on the prices, quality and
availability of the different compounds. Thus, the composition
of a particular pen brand and model is not constant in time and it
would be difficult to maintain an updated database. In the case
of a book or a diary, in which entries are made with one pen, it
would be possible to compare the ink entries to determine if
some entries are older than others, or if they were all written at
the same time. Another problem faced by the analyst and which
may influence the measurements is the possibility of
contamination from fresh ink strokes through migration of
the solvents from one sheet of paper to another provided they
are still aging.

The influence of a number of different parameters still has to
be determined and blind tests should be carried out to render
possible the dating of ink entries through this method. Even
then the conditions found in practical cases (in general
unknown initial composition and storage conditions) render the
dating of ink entries through the presented method very
hazardous. Identical conclusions were reached by other
scientists recently for GC/MS methods [9,10,14], as the
authors did not obtained reproducible results within a sensible
error range.

Precise dating would not be possible, but age boundary limits
could eventually be determined for all possible situations: any
kind of paper, ink type and storage conditions. This could help
determine if an ink stroke is fresh, old or very old.
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The amount of time an ink has been on a document has been a question that has plagued
many forensic science examiners since writing inks were first introduced. The conventional ap-
proach to dating an ink entry has been the identification of certain ink components which may
indicate gross formulation changes. Ballpoint pen inks, first developed in the 1930s |/], used
oils for the vehicles. It was not until the 1950s that glycol-based inks were widely used [2]. Addi-
tions to formulas such as the introduction of copper phthalocyanine dye (1954) in ballpoint pen
inks. fluorescent dyes (1955 to 1957) in fountain pen inks, and the introduction of entirely new
markets, for example, felt and fiber tip pen inks (1961) have aided the forensic science investi-
gator in determining the “"age” of an entry.2 Other methods for dating an ink entry included
determining the presence or absence of a dye, for example, the blue dye in blue-black writing
inks of the early 1900s |3], and differentiating between the amounts of a component extracted
from two entries through the use of chemical reagents{for example, oxalic acid) in the 1920s[4].

During the mid-1960s, in an attempt to improve upon the conventional method by increas-
ing the knowledge of known changes in formulations, Werner Hoffman, Zurich Cantonal
Police, Zurich, Switzerland, began collecting samples of European ballpoint pen inks. He
began comparing questioned inks with his collection for purposes of showing similarities or dif-
ferences between formulas [5]. In the mid-1960s, Richard Brunelle, Bureau of Alcohol, To-

Note: the experimental work for this paper was conducted at the Bureau of Alcohol, Tobacco and Fire-
arms Forensic Science Branch, National Laboratory Center. Rockville, MD.

Presented at the 34th Annual Meeting of the American Academy of Forensic Sciences, Orlando, FL,
8-11 Feb. 1982 and the Spring 1982 Joint Meeting of the Mid-Atlantic Association of Forensic Scientists/
Northeast Association of Forensic Scientists, Harrisburg, PA, April 1982. Received for publication 21
May 1984: revised manuscript received 28 June 1984; accepted for publication 29 June 1984.

'Document analyst, United States Secret Service, Washington, DC.

2A. A. Cantu, private communication, 1980.
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bacco & Firearms, National Laboratory Center, Washington, DC, began collecting a library of
standard inks from U.S. manufacturers. This library has been maintained and expanded to its
present-day status of being the largest single collection of inks in the world consisting of over
4000 domestic and foreign inks.?

The Bureau of Alcohol, Tobacco and Firearms (ATF) also initiated a national ink tagging
program (1971 to 1974) in an effort to determine more closely the age of an entry produced by
an ink whose formulation is not often changed by the manufacturer [6]. Even with these techni-
cal advances it is often necessary to determine more closely (less than a few years span) the ac-
tual age of an entry. This work will address only ballpoint pen inks because of their amenability
to drying determinations.

Composition of Ballpoint Inks

Ballpoint ink is a high viscosity (nonfluid) writing medium. It consists primarily of three
components [7]:

(1) vehicles,
(2) dyes or pigments or both, and
(3) resins or polymers.

Vehicles

Vehicles are added to an ink for purposes of solubilizing (or carrying) the dyes/pigments and
for ease of flow over the cartridge ball.

Vehicles in ballpoint inks have had only one dramatic formulation change since their incep-
tion in the 1930s. Before 1950, inks contained oil as the printary vehicle; after the early 1950s.
glycol-based inks were developed and quickly became the favorite among the population.

These inks usually contain one or more of the following vehicle solvents:*

1.3 propylene glycol Hexylene glycol

Diethyl glycol phenyl ether Octyvlene glycol

Benzyl alcohol 1.3 butylene glycol

2 ethyl hexoic acid Di and triethylene glycol
Ethylene glycol Dipropylene glycol
2.3-butylene glycol Glycerine
Monophenylether Phenoxyethanol
1.2-propylene glycol Phenoxyethylene glycol

Ethylene and diethylene glycol monomethyl ether

The volatile components of the ink make up approximately S0% of its composition.

Dves und Pigments

Dyes and pigments are the color giving components of an ink. Some of the more common
ones used in ink formulations include:*

Methyl violet

Victoria blue

Crystal violet

Copper phthalocyanine
Nigrosine

Solvent fast blue

Luxol fast orange

Dyes and pigments make up approximately 25% of the ink's composition.

*A. A. Cantu, private communication. 1982.
*Private communications with ink manufacturers, 1982,
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Resins and Polymers

Resins and polymers are added to ballpoint inks for purposes of “‘extending” the ink (used as
a filler) and for thickening the ink. Some resinous components found in writing inks include:*

Vinsol®

Nevillac Hard®
Pyrrolidone (PVP)
Krumbhaar K-1717%
Phthalopal SEB®
Synthetic Resin SK

The resinous additives usually make up approximately 25% of the total ink volume.

The vehicle components are of primary interest in this work. The ink cartridge is considered
a “‘closed” system: essentially no drying takes place in the cartridge. The ink on the paper sur-
face is an “"open” system; the ink drying process begins as soon as the ink is placed on the paper.

The vehicles evaporate with time leaving the dyes/pigments and resins‘polymers adhering
to the writing surface.

This work is based on the fact that volatile components evaporate with time. Ballpoint pen
inks contain volatile components that begin evaporating when placed on a document. This in-
dicates that the age of a ballpoint pen ink entry stored under some *‘constant’ conditions could
be determined if the amount of volatile components per weight volame of ink was measured
(see Fig. 1). If the temperature and humidity do not remain constant, then only the "‘relative”
age of an entry as compared to another entry (stored on the same paper) may be determined.

Materials and Equipment
The materials and equipment used were:

e Temperature programmable gas chromatograph equipped with a flame ionization detector
e Stainless steel column 1.8 m (6 ft) packed with 3% Tenax GC on 60-80 mesh Supelcoport
¢ Ten-microlitre syringe

® Micro vials (0.5 dr tapered)

* High purity methanol

® Micro pipets, 10 xL

¢ Jce bath

¢ High purity vehicle standards

® X20 gauge hypodermic needle

¢ Plunger
® Timer
Measuring
“'New® Entry b  Consists of X + Y %
Apparatus Volatile Components
''01d" Entry —Consists of Y%
Volatile Components

FIG. 1—Theory of work.
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Method

The first step in determining the age or *‘relative’ age of a ballpoint pen ink entry is the iden-
tification of the ink formulation. Identification is necessary so the examiner can determine the
quality control from the manufacturer and the “uniqueness™ of a formula. The method used
involves thin-layer chromatographic comparisons of questioned to known ink samples |5]. The
known ink samples used in this work are stored and maintained in the standard ink library at
the Bureau of Alcohol, Tobacco & Firearms, National Laboratory Center, Rockville, MD.

Once the questioned ink formulation has been identified, the volatile components and per-
centages present in kniown “fresh” ink of the same formula are obtained by gas chromato-
graphic analysis.

Fresh ink samples of the same formulation were placed on a single sheet of paper on various
dates. This sheet was stored under *‘standard” conditions (that is, room temperature and
humidity) in a file drawer.

Samples of ink were removed from the paper by a micro-pellet technique. This technique
utilizes a blunted 20-gauge hypodermic needle fitted with a shortened *'syringe type” plunger.
The micro-plugs of ink and paper (= 1S plugs) are placed in tapered microvials. Approxi-
mately 10 to 1S uL of methanol is slowly added (being careful not to disturb the pellets) by sy-
ringe through the capped/stoppered lid of the vial. The vial is placed in an ice bath to minimize
“travel” of the methanol up the sides of the tapered vial. The vials remain in the ice bath
undisturbed for S min. At the end of the extraction process a S- to 10-uL aliquot is removed
for injection into the gas chromatograph.

A gas chromatograph equipped with a flame ionization detector was chosen as the analysis
instrument because of the need for reproducible detection and quantitation of micro-amounts
of volatile components.

Fresh ink samples containing different combinations of volatile components were chrontato-
graphed using various extraction methods, gas chromatograph columns, and temperature
programs. A suitable method for analysis was obtained. The gas chromatographic conditions
chosen are as follows:

Temperature programmable gas chromatograph (Perkin-Elmer Sigma 3B)
Flame iontzation detector

3% Tenax GC on 60-80 mesh Supelcoport (stainless steel. 1.8 m [6 ft])
N, gas flow at 25 cm?/min

Initial hold, 0-min

12°C/min ramp

50 to 280°C

Final hold. 10 min

Chart speed, 12.7 mm/min (0.5 in./min)

Injections of S to 10 uL using methanol as the extracting solvent
Attenuation: X2 K till methanol peak, then X100

Once a suitable chromatogram was obtained the vehicle peaks were identified by using
known standards and formulation information obtained from the ink's manufacturer.

An “‘aging” curve for each ink was obtained (Fig. 2). This was done by finding two sufficiently
resolved vehicle peaks, quantitatively determining the peak areas, and then ratioing one peak
to the other. The ratio of Peak A/Peak B is plotted versus actual age (days). This gives the aging
curve for that particular ink formulation (Fig. 3).

The questioned entry is analyzed in the same way. The peak areas are taken, a ratio is ob-
tained, and, using the previously calculated **aging curve,” the age of the Q entry is determined
(Fig. 4).

This calculated *‘age™ of the Q entry is absolute only if the storage conditions of both the Q
and K entries are identical. The storage conditions of the inks used to obtain the aging curve
should be equal or better (that is, slower aging process) than those of Q.
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b GC COMPARISION OF TWO INKS b
OF THE SAME FORMULATION
WRITTEN AT DIFFERENT TIMES

ST
< —fresh writing

two month old

writing~—;der
abw
|l -

FIG. 2—Aging curve for each ink.
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RATIO = (Peak A) / {Peak B)
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FIG. 3—Aging curve calculated from the ratio of Peak A/Peak B versus actual age.
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FIG. 4—Aging curve for the Q cutry.

Conclusions

Ideally at least two inks of the same formula should be compared. They should be on the
same paper and stored under the same conditions.

If two inks of the same formulation on the same document have different ratios of the volatile
components, then one ink can be determined to be fresher than the other, that is,

(A = first eluting comparison peak) (A)

>
(B = second eluting comparison peak) new (B) old

If two inks of the same formulation are found on different paper, then the paper type is prob-
ably not a factor but storage conditions are. The “willingness™ of the paper to allow these com-
ponents to be extracted in the same ratio should not be affected by a paper’s porosity. thick-
ness, type, or age. However, this must be further tested.

Certain ballpoint pen ink formulations were shown to have reproducible aging curves up to
one-and-one-half years after placement on paper. Ditferences in peak ratios for known inks
stored under standard conditions were detected over as small a time frame as a few days. Some
ink formulations tested have evaporation rates or vehicle components not amenable to this
technique.

Ratioing the chromatograph peaks eliminates the necessity of removing equal masses of
“questioned and known age” ink when performing an age comparison.

Further work that should be performed includes testing the paper independence theory and
developing a laboratory technique for *‘controlled” artificial aging of ink standards to obtain
“immediate” aging curves for known standard inks.
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1. Introduction

Determining when an ink entry was produced on a document
has always been a major issue in the examination of questioned
documents. For this reason many scientists aimed at developing
dating methods along the years [1-5]. There are three main
approaches for ink dating on documents. The first approach is
based on the analysis of ink stable components that are specific to a
certain period in time. Production methods and compositions
change and evolve with time following new industrial develop-
ments and processes. This approach is generally named in the
literature ‘static approach’ because the measured parameters are
almost invariable in time [2]. It allows the determination of the
first possible date of existence for a given composition of ink and
may thus highlight anachronisms. Knowledge of some major
historical changes in ink manufacturing is available (e.g.,
introduction dates of the major classes of compounds and dates
of major changes in formulation). However, most knowledge of
changes is proprietary industrial information and not readily
available. This is probably the reason why only the US Secret

* Corresponding author. +41 216924651.
E-mail address: celine.weyermann@unil.ch (C. Weyermann).
1 Retired U.S. Secret Service.

0379-0738/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2011.01.034

Service (Washington, USA) and the LKA Bayern (Munich, Germany)
reported having extensive ink samples and databases [6,7].
Additionally a program started in the mid 1970s in the USA, in
collaboration with the ink manufacturers, for introducing annually
modified tags to inks [2], but it covered only a fraction of the whole
ink market. The second approach, addressed as the ‘absolute
dynamic approach’ [3] is based on aging processes of ink on
documents. It is assumed that ink does not age in the cartridge
[8,9], but only after it is placed on paper where dyes fade, solvents
diffuse and evaporate, and resins polymerise. Aging processes of
ink follow complex pathways that are considerably influenced by
several factors other than time, which may accelerate or slow
down the aging. The influencing factors can be ordered in three
main classes [4,10]: (i) initial composition of the ink (in the
cartridge), (ii) physical and chemical properties of the substrate
(paper composition, porosity and coatings) and (iii) storage
conditions (temperature, light, air flux, humidity, neighbouring
material, etc.). In practice, no information on these factors is
generally available. This is why the determination of the absolute
age of an ink entry remains truly difficult. Measured changes are
reported as a function of time in order to establish an aging curve
or a portion of it and the objective is therefore more the
determination of a time range than a precise date. The time scale
considered can significantly vary depending on the measured
parameters. For example, while solvents disappear from the ink
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very quickly, dyes degradation occurs more slowly. The third
approach aims at determining the relative age of a document in
comparison to others (i.e., to order them in chronological
sequence) and is referred to as the ‘relative dynamic approach’
[3]. The comparison of the extent of ink aging may help
reconstructing the sequence of apposition of ink entries on
documents. This can only be applied for inks of the same formula
stored under the same conditions on the same type of paper (e.g.
diaries) [11]. That is, it applies to inks that only differ in the time
they were placed on paper. The general evolution of the aging
curve must be known [4]; for example if a decrease of the aging
parameter is expected as a function of time, it is imperative to
insure it will never increase whatever the conditions.

The most promising methods in the 1980s involved the analysis
of sequential extraction of dyes using thin layer chromatography
(TLC) [11-20]. It was based on the changes in the extractability of
the ink supposedly caused by the hardening of the resins [10,21-
24]. The use of this technique in caseworks was reported in the
literature [18,25], but it was followed by a vigorous controversy
among the scientific community about the limitations of this
approach [5,26-42]. Several researchers tried reproducing the
results obtained in previous studies and reported the methods to
be unreliable [28,34-36], while other scientists debated about the
necessity for inter-laboratory validation before their use in
casework [4,27,31-33,38,41].

During the last decades interest has shifted to methods based
on sequential extraction and analysis of ink volatile components by
gas chromatography (GC) coupled with mass spectrometry (MS) or
other detectors [17,18,34,44-58], which seemed more promising
in terms of reproducibility. Although some forensic laboratories do
already apply such ink dating methods in practice, several issues
remain open including the inter-laboratory validation. Triggered
by a recent ink dating case in Israel, this article aimed at clarifying
the ink dating field for justice purposes and guiding scientists
through validation of their methodologies, while highlighting
practical limitations. It was earlier acknowledged that a central
unsolved problem in the field of questioned documents examina-
tion is the unequivocal determination of their age [59]. Despite the
significant progress in analytical techniques and several published
propositions for ink dating, the field of document examiners is still
divided about this issue, for reasons that will be clarified and
discussed throughout this article. The purpose of this work is to
give the status of the various ink dating methods that are based on
the analysis of an ink’s solvent components, show their limitations,
and suggest methods to improve them. It is subdivided in four
main sections as follows: Section 2: ink drying principles; Section
3: ink dating methods; Section 4: methods validation; Section 5:
ink dating interpretation.

2. Ink drying principles

The dating methods considered in this article all focus on the
analysis of solvents from ink strokes on paper. It was observed
early that the amounts of solvents in the ink strokes decreased as a
function of time [44], according to the following equation [50,51]
for the relative peak area (RPA):

RPA = p, + p, - e~ t/P)”° 4 p, . e=(t/p9)”’ 1)
where p; is an additive constant, p, and p4 provides the
contribution of the first and second exponential, and p3 and ps
are time constants associated with the exponential. The ink drying
processes were earlier described in the literature as two separated
falling rate phases [51]. The first exponential represents the fast
falling rate of drying (rapid solvent evaporation and diffusion into
the paper) and the second exponential represents the slow falling

volatilization

-

[

volatilization

Fig. 1. Simultaneous ink drying processes on paper: the ballpoint pen solvent
molecules volatilize (evaporate), diffuse (migrate and penetrate via absorption) and
are adsorbed by the paper substrate. While grey arrows represent volatilization,
black arrows represents diffusion, migration, penetration, absorption and
adsorption.

rate of drying (slower evaporation and diffusion processes) [50,51].
Low amounts of solvents may even stay trapped in the ink matrix
for years [17,45,52]. Based on previous researches, the following
theoretical aging model can be formulated: several processes occur
simultaneously when ink is placed on paper, such as evaporation of
solvents in the ambient air, diffusion/absorption in the paper and
adsorption by the paper substrate (Fig. 1). Volatilization occurs
actually in the ink surface, in the paper surface near the ink and in
the paper surface the opposite from the ink. Moreover the solvent
molecules may diffuse into adjacent surfaces (for example in a
stack of paper sheets) [51].

The compound phenoxyethanol is the most widespread solvent
in ballpoint pen inks [57,60,61] and therefore most dating methods
finally focused exclusively on the analysis of this specific substance
(Fig. 2).

As explained above, ink aging pathways and rates are
significantly influenced by a number of factors that may slow
down or accelerate the phenomenon [42,61]. These parameters
must therefore be extensively studied before a conclusion can be
drawn on the absolute age of an ink entry.

2.1. Ink formulation

The influence of the initial ink composition on the aging rates of
inks is very important [23,45,56]. Two aspects must be considered:
the compounds (dyes, resins, solvents, and additives) and their
relative amounts (initial solvent quantity in the ink formulation).
Biigler et al. actually suggested that the type of resins influenced
the aging rates as they observed the presence of acetophenone-
formaldehyde-resin in ‘slowly aging inks’ [56]. It is therefore very
important to have a precise knowledge of the ink market (for
example through an ink database) in order to develop a method on
selected representative inks.

2.2. Initial ink quantity

The initial quantity of solvents in an ink stroke also influences
significantly the aging process (i.e., the drying of the ink). For
example, it is dependent on the writing pressure (i.e., thickness of

(0] m.w. 138.2 g/mol
~"on
b.p. 247°C
viscosity at 25°C ~ 21.5cP

Fig. 2. Structure formula, molecular weight, boiling point and viscosity of the
solvent phenoxyethanol.
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Fig. 3. Superimposed curves for the evaporation of 10, 20, 40, 60, and 100 w1 of the
solvent ethoxyethanol from paper: the loss of weight in micrograms (steps of
5000 p.g) is presented as a function of the time in hours. Lower evaporation rates
were observed when smaller volumes of solvents were initially deposited on paper
[61].

ink) or and/or also on the size of the ball in the ballpoint pen. Lower
evaporation rates were observed for smaller volumes of solvents
on paper (Fig. 3), when the solvent ethoxyethanol was placed on
the paper surface using a micropipette. With larger quantities of
solvent applied to the paper, a larger accessible surface area will be
available for evaporation (Fig. 4), and thus a higher evaporation
rate will be observed.

This is problematic as the relative content of phenoxyethanol
varies considerably among different ballpoint inks [38]. The size of
the ball of the ballpoint pen and the pressure applied while writing,
both of which determine the thickness and depth of the ink line,
respectively, also affect the initial quantity of phenoxyethanol
found in 1 plug or 1 cm of ink line. Moreover, in research works, ink
entries are generally drawn as straight lines, allowing solvents to
diffuse away from the stroke. Questioned documents will most
probably carry texts with curved lines from any alphabet. For
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Fig. 4. Visible surface area [cm?] taken up by the solvents ethoxyethoxyethanol (E),
dipropylene glycol (D) and phenoxyethanol (P) a short time after deposition on
paper with a micropipette, as functions of the volume deposited [pl]. The surface
areas increased with the volume, but were also influenced by the viscosity, density,
hygroscopicity and volatility of the solvents [61].

Fig. 5. Solvents diffusion from two ink entries: (left) diffusion away from a straight
line and (right) diffusion inside the loop of the letter ‘0’. The solvent concentration
may be significantly higher in 1 cm of the loop compared to 1 cm of the straight line.

example, in the letter “0”, the solvents will diffuse to some extent
away from the letter and partly inside the ring. Higher quantities of
solvents may be found in letters with dense lines compared to a
straight line of the same length (Fig. 5). This represents a major
problem. When extracting 1 cm ink lines from different letters, one
is not guaranteed to have always the same solvent quantity.
Aginsky tried to minimize this effect by calculating a mass
invariant ratio between two samples [34,52]. Biigler et al. even
tested the mass independence of a given aging parameter by
analysing ink entries of different lengths on the same paper [56].
For example, if 2cm of an ink line containing 0.3 pg of
phenoxyethanol per cm was analysed, one would record twice
as much phenoxyethanol than in 1 cm (Table 1). However if you
calculate a ratio between two compounds found in the ink [50,52]
or between two sequential extractions of the same ink entry
[52,56], the ratio should be the same regardless of the length of the
ink line.

However, only the length independence between two samples of
the same entry is guaranteed, and not the mass independence, as
pressure (i.e., thickness) and density (i.e., distribution) vary along a
stroke (Fig. 5) [56].

In practice, it is impossible to ensure the homogeneity of the ink
applied on paper, thus the influence of such parameters on the
solvents aging kinetics must be quantified. Dating would then be
possible only if the errors provoked by different solvent quantities
resulting from the above situations were smaller than expected
changes as a function of the age. This actually requires more
research than was published so far.

2.3. Paper type

The influence of substrate structure (paper type) on the drying
process should not be underestimated, as their porosity can differ
quite widely within a same sheet of paper (pores diameter
between 0.05 and 10 wm). Molecular diffusion, Knudsen (through
pore) diffusion, surface diffusion, capillary condensation of vapors,
physisorption (absorption and adsorption), chemisorption, migra-
tion and evaporation will all be influenced by the porous structure,
the fibers (e.g., cellulose fibrils) and the paper chemistry (alkaline

Table 1

The parameters M; and M, are absolute quantities of phenoxyethanol and are
dependent of the length of the stroke, while calculating a ratio between these two
parameters yield a length independent feature.

Ink line First Second Ratio (Table 4; Eq. (3))
length (cm) parameter parameter
M; (ng) M; (ng) M;-100%/(My + M)
1 30 70 30
2 60 140 30
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Table 2

Procedure to determine the rate of decrease of volatile components (R) in inks on documents.

Method 1 Sample set 1 (normal) Sample set 2 (artificially aged)

Sampling 10 microdiscs (1 mm diameter) of the ink on paper

Treatment No treatment Moderate heating (e.g. 70°C, 1h [52] or 2h [49])
Extraction 10wl [52] or 15 wl [49] of appropriate solvent (e.g. acetonitrile with an internal standard)

Analysis 1l of extract analysed by GC/MS (SIM mode)

Results P=mass of solvent Pr=mass of solvent

Eq. (2) R(%)=[(P— Pr)/P]-100 [49,52]

or acidic, fillers, detergents, additives, etc.). Aginsky stated having
studied the influence of paper type ([52], footnote 10) reporting it
to be negligible, but no details have been disclosed. Biigler et al.
also studied the influence of the paper type on the aging process
and reported a strong dependence on paper type for his method
[56].

2.4. Storage and environmental conditions

Due to the fact that diffusion and evaporation mechanisms play
such an important role in the drying of solvents on porous media, a
wealth of external factors must be taken into account. Among
these are temperature (of air, substrate, ink), solvents’ vapour
pressure, humidity, air movement (laboratory, cabinets), the
properties of solvents mixtures (vaporization of the solvent
mixture, viscosity), and those properties of ink and paper that
could affect heat transfer and mass transfer coefficients. On that
aspect, Aginsky wrote that his results ‘suggest that the Q
(questioned) writing is old (...) on condition that the document
bearing the Q writing has been stored under normal environmental
conditions, for example, under room temperature and constant
humidity and light conditions [52]. Lower temperatures and air
flows will slow down the drying process. Moreover, room
temperatures may vary considerably between summer and winter
(except for air conditioned rooms), whereas humidity is rarely
constant even in an air conditioned environment.

Possible contamination of old strokes through solvent
migration from fresh strokes on adjacent sheets of paper should
also be taken into account [47,51,61,62]. It was observed that
solvents from a fresh stroke (t = 0) can very efficiently migrate to
adjacent sheets of paper in a pile. It was found that the
quantities of solvent involved in this migration exceeded those
found in a stroke after two weeks [51], so that conversely,
contamination of a stroke by migration must be taken into
account for the dating of ink entries by solvents quantification.
Paper blank analysis will help reduce the risk [46]; however the
contamination may be very local [62]. Since solvents diffuse
from the ink stroke into the paper, the paper blank should not be
sampled too close to the ink entries [51]. One has to be
particularly careful regarding the way documents are stored,
due to the possibility of contamination (in a notebook or file
folder), but also because of the suppression or reduction of
drying processes in tightly sealed (e.g., glass vial) [61] or semi-
hermetic (e.g. plastic cover) situations respectively. Additional
measurements are needed to follow the drying of inks on papers
for long storage times under such conditions. Storage conditions
were barely studied up to now in spite of their crucial influence
on aging kinetics. Most reports contain data collected from
documents which have been stored only under laboratory
conditions. From a validation point of view it is therefore
important in practice to apply a method within its range of
applicability and to state exactly under which circumstance the
results are valid.

3. Dating methods based on solvents analysis described in the
literature

First proposed by Stewart [44], further developments of dating
methods based on solvents analysis were inspired by the works of
Cantu on sequential extraction [11] and artificial aging [12]. Aginsky
proposed two multi-staged ‘absolute dynamic dating methods’
[34,45,52]. These methods’ principles were briefly addressed in
two preceding papers [17,18]. Aginsky’s methodology [52] is based
on the supposition that as ink ages, its resins harden (solidify) and
subsequently the ink solvent extractability decreases over time [45].
Solvents (volatile ink vehicles) are analysed and more specifically the
rate of decrease of solvents amounts (method 1 described below) and
the rate of decrease of solvents extractability (method 2 described
below). Gaudreau and Brazeau of the Forensic Document Examina-
tion Section of the Canada Border Services Agency reported in a
conference presentation the use of a dating method based on the
same principles [49] (modification of method 1 described below). More
recently, Biigler et al. described a method based on the same
principles, but involving a different sample preparation
[55,56,63,64] that has been implemented by several laboratories
in Germany, Switzerland and Canada (modification of method 2
described below as method 3). The first step of dating measurements
generally consists of detection and identification of the volatile
components of the ink (described, for example, as procedure 1 in
[52]). As explained above, the ink component used for dating is
phenoxyethanol, since it is the most commonly found in ballpoint
pen inks [51,56,57].

Additionally, some recent developments based on previous tests
[17,44,50] proposed to calculate the loss of phenoxyethanol in
relation to a stable compound quantification such as a dye as a
function of time [65-67]. For the moment no further information
were published about this alternative approach and it will therefore
not be directly treated in this paper. However the same principles
would apply to their potential future application in practical cases.

3.1. Method 1

Described as Rate of decrease of volatile components R% by
Aginsky [52] and Solvent loss ratio by Gaudreau and Brazeau [49].
Aginsky’s procedure [52] implies the removing of two sets of
samples each consisting of 10 microdiscs (about 1 mm in diameter)

Table 3
Summary of R thresholds values defined in the literature and in conference
proceedings.

Aging Threshold Ink entry age Literature

parameter (%) value

R >20 Fresh Aginsky [52]

R >50 Less than 6 months Gaudreau and
Brazeau [49]

R >25 Less than 1 year Gaudreau and
Brazeau [49]
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Table 4

Procedure to determine the rate of decrease of solvent extractability (D) of inks from documents described by Aginsky [52].

Method 2 Sample 1 (normal) Sample 2 (artificially aged)
Sampling 10 microdiscs (1-mm diameter) of the ink on paper
Treatment No treatment Moderate heating (e.g. 70 °C, 60 min)

Weak extraction
Analysis 1
Results 1

Strong extraction

Analysis 2

Results 2 Mstrong =mass of solvent
Eq. (3) P=100-[Mweak/(Mweak + Mstrong)]
Eq. (4)

Meax =mass of solvent

10wl of an appropriate weak solvent (e.g., carbon tetrachloride)

Extract analysed by GC/MS

Myeax =mass of solvent

After drying, in 10 1 of an appropriate strong solvent (e.g. chloroform)

Extract analysed by GC/MS
Mstrong =mass of solvent
Pr (%) =100-[Mweak/(Mweak * Mstrong)]
D (%)=P—Pr [52]

of the ink on paper using a boring device (also called micro-punch
device). Sample set 1is placed in a vial and extracted with 10 .l ofan
appropriate solvent with an internal standard. 1 ul of the extract is
analysed by GC/MS (SIM mode with detector set to monitor ions
which are specific for the identified substances and internal
standard). The mass of the ink solvent detected (i.e. the ink aging
parameter P)is calculated by means of the internal standard method.
Sample set 2 is heated moderately and analysed using the same
procedure as for sample set 1 to determine the mass of the ink
solvent after heating (i.e. the ink aging parameter Pr). The rate of
decrease of volatile components is calculated using Eq. (2) in Table 2.
If the value of R is ca. 20% or larger, it shows (on condition that the
content of the analysed ink’s solvent is not too small, at least, not less
than 1 ng per sample) that the natural aging of the ink analysed is
still in progress, i.e., the ink writing is fresh (Table 2) [52]. In his paper
[52], Aginsky proposed an alternative ink aging parameter P if any
volatile solid component of the ink was detected: P = ratio solvent
peak areas to non-volatile component peak areas. However this
method was not mentioned again in later publications.

Gaudreau and Brazeau reported using a similar method to
determine the approximate age of an ink entry in conference
proceedings [49]. Two sample sets each containing 10 plugs of ink
are removed. One sample set is heated at 70 °C for 2 h and then
both are extracted with 15 pl acetonitrile containing internal
standard for 5 min. Using Eq. (2) in Table 2, the authors determined
the following threshold values for phenoxyethanol: R > 50% and
25% (including error) allowing to state that ink has been applied to
paper less than six months (150 days) and less than one year (300
days) prior to the test respectively (Table 3).

As of today, nobody else reported in the literature using this
method. However, Andrasko presented a modified solvent loss
ratio technique involving a different sample preparation (solid-
phase microextraction) [46,47] that was able to reveal if an ink is
fresh (4-6 months old at most). He later communicated his strong
doubts about the feasibility of such ink dating methods stating that
the method he had presented was unreliable and that the results
were not reproducible.? A solid-phase microextraction method
was also studied by Brazeau and Gaudreau [54]. It should be noted
that this method requires that both the heated and unheated
samples have the same or nearly the same amount of ink. The
method is not independent of the amount or length of ink sampled.

3.2. Method 2

Described as rate of decrease of solvents extractability D% by
Aginsky [52].

2 Personal communication from J. Andrasko, 2003.

According to Aginsky’s report [52], two samples, each of 1 cm
slivers of the ink on paper are removed using a sharp scalpel.
Sample 1 is placed in a vial and extracted with 10 .l of a ‘slowly
extracting weak’ solvent. 1 pul of the extract is analysed by GC/MS
(SIM mode with detector set to monitor ions which are specific for
the identified substances and internal standard). The sample is
removed, dried, placed in another vial and extracted with 10 pl of a
‘fast extracting strong’ solvent. 1 ul of the extract is analysed by
GC/MS (same analysis settings). The mass of solvent in each extract
(Mweak and Msyong) are calculated by means of the internal
standard method and the percent of the solvent mass extracted in
the weak solvent (P) is calculated using Eq. (3) in Table 4. Sample 2
is then heated moderately and analysed using the same procedure
as for sample 1 in order to determine the percent of extraction after
heating (Pr). The distance (D) between the value P and Py is
calculated using Eq. (4) in Table 4. Method 2 is actually an upgrade
of method 1, as the total amount of extract Myeak + Mstrong (Table 4)
should theoretically have the same value as P (Table 2). Therefore
the final R% can be extrapolated from the raw results obtained by
method 2, without additional analyses.

Aginsky summarized: If the value of D is ca. 15% or larger, it shows
that the natural aging of the ink analysed has not levelled off yet, i.e.,
that the ink writing is fresh [52]. The following thresholds
definitions were proposed in the literature in 1996 [52]:

e D > ca. 15% - It suggests that the questioned writing is fresh, i.e.
itis less than eight-month old. If such a result has been obtained
for a questioned document dated, e.g. by over a year preceding
the analysis, the examiner can state with confidence that this
document has been backdated.

e D < ca. 10% - It suggests that the questioned writing is old, that is
its age is larger than ca. two months, on condition that the
document bearing the questioned writing has been stored under
normal environmental conditions, for example, under room
temperature and constant humidity and light conditions. It
should also be stressed that such results can also mean that the
questioned ink’s binder is not capable of cross-linking or
undergoing other processes of ‘solidification’ due to aging
(though there are very few such inks on the market).
ca. 10% < D < ca. 15% - This means that additional samples of the
questioned entry should be taken (if enough ink is available) to
ascertain statistically if the mean of the D values obtained are
closerto 10% or 15%; in this case, the conclusion on whether the ink
in question is fresh or old is made with a certain degree of
confidence.

It was then specified in an appendix to the article [52] that if, in a
real case situation, a necessity arises to narrow the interval
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Fig. 6. Graphical presentation of the threshold values proposed by Aginsky [33] to
determine a time frame within which a questioned entry has been actually written.

Table 5
Summary of D threshold values defined in the literature and in conference
proceedings.

Aging Threshold Ink entry age Literature
parameter (%) value

D ca. >15 Less than 8 months Aginsky [52]
D ca. <10 More than 2 months Aginsky [52]

proficiency
D ca. >10 More analyses Aginsky [52]
ca. <15

D >20 Less than 5 months Aginsky [52]
D <5 More than 6 months Aginsky [52]
D >18 Less than 6 months Aginsky [45]
D >12 Less than 8 months Aginsky [45]
D >8 Less than 12 months Aginsky [45]
D >6 Less than 18 months Aginsky [45]
D >4 Less than 24 months Aginsky [45]

comprising the real age of the ink in question, there were at least two
possibilities for this: (1) the ink formula is known and reference
samples may be prepared; (2) further thresholds determination as
follows:

e D > 20% corresponds to ballpoint inks younger than 5 months.

e D < 5% corresponds to ballpoint inks older than approximately 6
months.

Table 6

New upper-threshold values were later presented in a
conference proceeding in 2002 (Table 4) [45].

This D parameter is then used to ascertain that the aging of the
ink sample has not stopped yet (Fig. 6). The principle follows the
idea that, when ink is fresh, P is high and Pr is lower (then the
difference D is high and the sample is still drying). When the ink is
old, Pis low and Py is also low (then the difference D is low and the
sample decreased its rate of drying).

The threshold values were defined using different ballpoint
pens. If the type is not always reported in the literature, the
number of pens was specified: between 30 and 50 [45]; 64 [49] and
up to 85 [56]. Thus the influence of ink formulation was to some
extent tested, particularly in the work of Biigler et al. [56] who
selected representative inks from the ink library at the Forensic
Science Institute of The Bavarian Bureau of Investigation. As a
consequence, the influence of the initial quantity of phenoxyetha-
nol was also evaluated. This is why only an upper-threshold
indicating the maximum age of an ink may be used [45,49,56]. The
presence of a high quantity of phenoxyethanol or the finding of a
high aging parameter may indicate a fresh ink, whereas its absence
does not allow any conclusion about the age [56] (see detailed
explanations below) (Table 5).

No published account from other authors reported using this
specific method. However, a method based on the same principles,
but involving a different sample preparation, was reported
recently in the literature and is described below [56,60,63,64].

3.3. Method 3

Described as Ink age assessment procedure by Biigler et al. [56].

Instead of a sequential extraction into weak and strong
solvents, the sample is thermally desorbed at two different
temperatures (e.g. 90°C and 200°C). The peak areas of
phenoxyethanol obtained at low desorption temperature
Mow and high desorption temperature Mpgn, are used to
calculate a ratio V (corresponding to P in Eq. (3) in Table 4)
(see Table 6).

If the experimental procedure considers only sample 1 and V;
(%) is computed, then the decision criteria were defined by Biigler
et al. [56] as follows (Table 7):

e if V> 10%, ink is fresh. For example, if V > 25%, ink is not older
than two months.
e if V < 10%, no conclusion can be drawn.

Biigler et al. found out that a large number of the inks aged too
fast and therefore no conclusion can be drawn when the ratio Vis

Procedure to determine the ink age factor (V%) of inks from documents described by Biigler et al. [56].

Method 2 Sample 1 (normal) Sample n=2, 3, 4 and 5 (naturally aged)
Sampling 0.5 mm of the ink on paper
Treatment No treatment After several weeks

Weak extraction
Analysis 1
Results 1

Strong extraction

Analysis 2
Results 2 Mhigh=mass of solvent
Eq. (3) Vi (%)=100-[Miow/(Miow + Mhign)]

Evaluation test

Miow =mass of solvent

90 °C thermodesorption
Extract analysed by GC/MS
Miow =mass of solvent
200°C thermodesorption
Extract analysed by GC/MS
Mhigh=mass of solvent
Vi (%) =100-[Miow/(Miow + Mhign)]

Statistical Neumann'’s trend test [69]
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Table 7
Summary of V thresholds values defined in the literature and in conference
proceedings.

Table 8
Aspects of reliability for analytical methods. These aspects must be further
evaluated before the application of proposed dating methods in real cases.

Aging Threshold
parameter (%) value

Ink entry age Literature

v >25% Less than 2 months Biigler et al. [56]
Vv >10% Less than 3-4 months Biigler et al. [64]
Vv <10% No conclusion Biigler et al. [56]

below 10%. Moreover the authors stated that while according to
their test results, the proposed method for age determination was
applicable to ballpoint inks not older than 1.5 years [55,64]. In
practice, however, the accuracy of the method and the properties
of the inks used in office work limit the measurable time scale to an
ink age of up to 3-4 months [64].

In order to minimize the potential occurrence of false
positive, the authors later considered performing a series of
five analyses every two weeks for a period of two months, while
letting the samples naturally age (these are samples 2-5 in Table
6) [64,68]. The authors also proposed derivatization of phenox-
yethanol in order to increase sensitivity and decrease variabili-
ty[64,68]. The results thus obtained are then used for calculating
a similar aging parameter as the one proposed by Aginsky (D in
Table 4) [33] with the difference that the subsequent samples
are aged naturally instead of artificially. In fact, artificial aging is
faster, but actually still debated largely in the scientific
community and it was not yet demonstrated to reproduce
adequately the natural aging of ink [42]. In this way, using the
V% values of the five samples, each of which is older than the
previously analysed, an aging curve for the questioned ink entry
is obtained. It is then assumed, that a significant drop in the
slope of the curve reflects an ink which is still aging, and that no
significant drop in the curve reflects an ink which is not aging
anymore. From mass screening it was deduced, that aging of
inks can be followed analytically with this method up to 6
months. As a consequence, an ink which is still aging is regarded
as being not older than 6 months. Otherwise no conclusion can
be drawn. The assessment of a “significant drop” in the slope of
the aging curve is performed using the statistical Neumann’s
trend test. The value Q is calculated as follows [69,70]:

1 n-1
Q= ~Xi1)? (5)

where n is the number of measurements (e.g., n = 5), X;, Xj+1, . .. are
the measurements ordered chronologically and s is the standard
deviation. This statistical treatment provides a threshold value
for Q to decide if there is a trend in a series of points given a
selected probability p. The probability level has to be fixed by
the examiner and is generally 95%. For example, a threshold
value of 0.8204 is obtained for n =5 and p = 95%. If the Q value is
below the threshold value, then the conclusion can be drawn
that the investigated ink is still aging given the selected
probability level.

4. Validation of ink dating methods

The analytical dating methods require a considerable amount of
time and resources. It is therefore important not to underestimate
the task of ensuring their scientific validity before implementing
them in practice [71,72] (Table 8). In forensic ink dating, it is
extremely important not to confound the results of research
experiments performed under laboratory conditions on controlled
samples, with results obtained in real situations on uncontrolled
specimens of limited size, unknown composition and undefined

Aspects of reliability Short definition

Specificity [73]
LoD, LoQ [38,73]

Ability to detect ink solvents
Limit of reliable measurements
(detection and quantification)
Accuracy

Within laboratory precision
Between laboratory precision
Blind testing on realistic samples

Systematic error [38,73]
Repeatability [73,75]
Reproducibility [73]
Outside proficiency
testing [27,31,33]

storage conditions [41]. Published works present interesting ideas
and promising orientations, but its reporting stage in publications
does not allow yet for a wide application in casework. Stewart and
Fortunato [32] warned that ‘the need to routinely determine the age
of a document appears to have been a driving force in development of
new ink analysis techniques. This could be dangerous, in that the field
may be driven to advance faster than the stage of development of some
of the techniques should allow.’

It is also of particular concern that measurement errors and
irregulars are very rarely mentioned in the literature and are
generally not represented in the figures. It is essential however, to
make certain that predicted differences provoked by aging (under
different influencing factors) are in fact higher than measurement
errors [73]. Furthermore, the ink available in real cases is generally
not sufficient to repeat analysis several time in order to obtain a
mean and a standard deviation. When low quantities are analysed,
such as solvents in ink entries, the detection and quantification
limits (LoD and LoQ, respectively) play an important role in
determining a threshold at which the method is not applicable
anymore [4]. Due to this small sample size and the flowing time, it
is seldom possible to perform ink dating by solvent analysis again
after some time has passed. The most demanding aspect is actually
the inter-laboratory validation. As stated earlier, in the literature
all necessary data are actually required so that any new
technique(s) being proposed can be scrutinized by other experts
in the field [32]. The transparency in forensic science has been often
acknowledged as an essential factor to avoid errors [74,75] and is a
must, in order to develop a methodology in several laboratories.
Often, only final values or given examples (no raw data) are
published in the literature and the reader must accept the
conclusions for granted. This lack of transparency about dating
methods was criticized early in the questioned documents
literature. Stewart and Fortunato wrote in 1996 [32] that ‘If a
technique can be shown to be scientifically sound then the next logical
step would be to conduct independent validation studies at different
laboratories. Before this can occur, however, each technique must be
carefully researched and described so that others can reproduce the
methods and evaluate their effectiveness.’ To that Aginsky answered
as follows [33]: ‘However, this recommendation does not seem
irreproachable. Of course, each method proposed for applying in
casework must be minutely described in a professional journal and
properly scrutinized. But, at the same time, it should be realized that
this natural way related, mainly, to the method presentation,
practically has nothing to do with the method validations, at least,
as for ink dating methods. The matter is that these methods are the
complicated many-staged procedures containing a number of
limitations, “technological nuances” and pitfalls which all are difficult
to exhaustively explain in the article and which may serve as
contributing factors to possible inconsistencies between the procedure,
as it is used by the author(s), and its improper reproductions made by
others who want to evaluate its’ effectiveness or conduct independent
validation study. (...) With the above reasons in mind, it becomes
clear why attempts to reproduce similar methods by using their
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description, even very detailed, may well lead to confusing results’. If a
method may be reproduced incorrectly by other scientists because
of its difficulty, then the robustness of the method may be
questioned. A robust method would not be significantly affected by
small variations (i.e., error) introduced during the procedure; and
the procedures may be easily exported in other laboratories.
Therefore forensic scientists performing ink dating methods
should contribute actively to the exportation of their method to
other laboratories, thus avoiding misunderstanding leading to
improper reproductions. In fact, to the present date, no two
laboratories that do ink dating via solvent analysis use the same
method, however several laboratories participating in the Inter-
national Collaboration on Ink Dating (InCID, a subgroup of the
European Document Examiners Working Group) are striving to
harmonize their dating methodologies inspired by the work of
Biigler et al. [56].

Once the validation of the tested methods is carried out
satisfactorily [71,72], blind testing on realistic samples will be
imperative, in order to check the reliability of the method under
real casework conditions. Brunelle and Cantu [27], Margot et al.
[31] and Aginsky [33] agreed on the fact that ‘there is a serious need
for outside proficiency testing of current ink dating methods’. Aginsky
reported having been subjected to outside proficiency testing in
the Division of Identification and Forensic Science of the Israel
Police for method 2 (decrease in extraction efficiency)[33,52,76]. A
document attesting that fact is available on the website of Riley
Welch LaPorte and Associate [76]. According to this document,
Aginsky examined six different ballpoint inks written on different
dates and his results were all correct. The age of the inks at the time
of analyses varied between 1 and 12 months. Five were younger
than 8 months and one was older than 2 months. No indication
about the preparation of samples was detailed (e.g., type and
number of different inks, type of paper, storage conditions). The
number of samples of this testing was very limited and the
conclusion given used only two thresholds (less than 8 months
corresponding to D > 15% and more than 2 months corresponding
to D < 10% [52]). In our opinion, this can by no means serve as a
proof that the method will work on realistic samples (i.e.,
corresponding to uncontrolled conditions encountered in case-
works) and that different threshold values [45] would provide
correct answers. For example, recent studies by Biigler et al. [56]
showed that about half of the investigated inks were ‘fast aging’
and yielded low ratio even when still fresh and thus, a lower-
threshold value cannot be interpreted as coming from an old ink.
Moreover, the time span that can be considered to date inks
through solvent analysis using GC/MS is seriously questioned in
the forensic community. Brunelle and Crawford stated that the ink
dating technology which is based on GC/MS analysis cannot be used
to date inks over six months old [15,46] and Biigler et al.
recommended to analyze ink with a maximum age of 3-4 months
[64]. The feasibility of such dating techniques on ink older than
that must therefore be demonstrated.

Aginsky added that ‘Both techniques (i.e., named here as methods
1 and 2) described have been used numerously in actual cases
involving tax evasion, medical malpractice, altered wills, contractual
disputes, rackets, corruption and organized crime, and many times the
conclusions stated on the basis of the results of the ink dating
examinations (accepted as conclusive by the courts of law in Russia)
directly affected a case [52]'. The fact that acceptance by the courts
is sometimes considered as proof of validation of methods, while
stating that the same methods are probably too delicate to be
reproduced correctly by scientific colleagues should be strongly
questioned. In fact all dating methods should follow complete
validation according the above-mentioned criteria (Table 8) before
their application in court. In conclusion of this Section, Brunelle
and Cantu underlined earlier the ethical responsibilities of forensic

scientists performing ink dating examinations [27] by stating that
‘Testimony involving ink dating that does not clearly state the
significance of results obtained and the limitations of what can be
concluded from the results of examination (...) would be unethical
according to AAFS (American Academy of Forensic Sciences)
guidelines because it would be misleading.’

5. Ink dating interpretation

Interpretation of ink dating evidence plays an essential role in
the dating process and should not be underestimated in the
development of dating methods [4]. It is very important to consider
all the possible alternative hypotheses for the obtained result to
allow for a Dbalanced interpretation of the evidence
[27,38,74,75,77]. A logical statistical framework based on a
likelihood approach was proposed [38], because it is more correct
than the threshold approach generally reported in the literature. It
has the advantage of taking into account the occurrence of false
positive results which cannot be completely avoided [27],
particularly in a field with many influencing factors that may
introduce additional errors.

For cases where an ink tests as being fresh Aginsky wrote [52]
that ‘If such a result has been obtained for a questioned document
dated, e.g., by over a year preceding the analysis, the examiner can
state with confidence that this document has been backdated.” One
has to be particularly careful as such a statement is actually
influenced by all the factors mentioned above. In fact, it is not
unconceivable that an ink older than 8 months may in some
circumstances show a ratio D above 12% (for example, an ink
signature on a document placed in a plastic cover with several
other documents also carrying ink entries and stored in a cold,
humid room). Forensic interpretation must therefore take into
account all logical possibilities (i.e., alternative sources for
observed results) and the probability should not be expressed
on the hypotheses (e.g., it is wrong to state the following: ‘it is more
probable that the ink is fresh given the obtained D% ratio’). In order to
formulate a statement in a balanced way, the probability should
actually be formulated on the evidence given two hypotheses (e.g.
‘it is more probable to observe the obtained DX ratio if the ink is fresh
rather than if the ink is old’) [74,75,78]. The likelihood ratio (LR) is
thus defined by the probability of observing a given value of D% if
the ink is of age t; =A months compared to the probability of
observing the same D% value if the ink was older than A i.e.,
t, = (A +n) months:

p(D|t1)
p(D|t2)

For example, the evidence can be evaluated given the following
two hypotheses:

IR = (6)

o the prosecution states that the ink is 8 months old (t;);
o the defence reports that the ink is 24 months old (t;).

Aginsky [45] reported that the mean value and the standard
deviation for 8 months old blue ink strokes (from 50 different
ballpoint pens) was D = 7.56 + 1.13%, while the values for 24 months
old blue ink strokes (from 30 different ballpoint pens) was
D =1.25 + 0.85%. Accepting for simplicity that D values for a given
time t, are normally distributed, the LR can be calculated from the
following equation [79,80]:

f(Dlpt, . 0%F)
f(Dlu,, 0%,)

where u is the mean and o2 is the standard deviation of the D%
value. The density of probability for a given value of D=d is

IR = (7)
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Fig. 7. Distribution of likelihood ratio (LR) calculated as a function of the D% values
for the pair of proposition: the ink is 8 months old (t;) and the ink is 24 months old

(t2). Up to a D% of 4, the evidence support the hypothesis t,, while for D > 5%, the
evidence is more probable given t;.

generally given by the following function [79,80]:

2
fDlp.0?) = ——— exp {— 41 } (8)

1
V2no 20?

If a D% value of 5% is obtained for the scenario considered here,
the LR is then written as follows:

IR — f(D|7.56,1.13)  0.02065

F(D1.25,0.85) ~ 0.00011 ~ 188

This would mean that it is 188 times more likely to observe
D = 5% if the ink is 8 months old (t;) rather than if it is 24 months
old (t,). This calculation can be repeated for all potential values of D
in order to represent a distribution of possible LR for the given pair
of propositions t; and t; as a function of D% (Fig. 7).

However, as can be seen both densities of probability are
considerably low and the LR value may change considerably if
another set of propositions were to be compared. Unfortunately,
the necessary data is not available from the literature to test other
scenarios. This logical approach to interpret ink dating evidence
has two main advantages, non negligible for the court: (1) it is
more correct because it takes into account the hypotheses of the
justice and the error rate (false positive occurrence should not be
neglected) and (2) it allows to test all possible scenarios and not
limit the results to values above a certain threshold. Additionally
this approach can be adapted to continuous data and the influence
of several factors on the aging can be introduced in the model to
evaluate their impact on the strength of evidence [79].

6. Conclusion

The drying of ink on paper can to some extent be compared to
the drying of a towel. Thus if the towel was dipped in water or only
used to wipe a wet surface, one takes longer to dry than the other
(i.e., dependence on the initial quantity of solvent). If the towel is
made of cotton or synthetic fabric, again the length of time to dry
will differ (i.e., dependence on the type of substrate) and finally the
time to dry will not be comparable if the towel was kept in a plastic
bag or hung up outside exposed to the sun and wind (i.e.,
dependence on the storage conditions). Also, the evaporation and
diffusion of the ink solvents can be compared to a drop of perfume
on a piece of paper. Over time it evaporates and spreads laterally,

Table 9
Summary of minimum requirements necessary to reach a sufficient level of
confidence in the development and application of dating methods.

Minimum requirements Purpose

Study of aging kinetics and
influencing factors
Description of methodology

Define limit of applicability of

the method

Achieve transparency enabling
reproduction by other laboratories

Reach intra and inter-laboratory reliability
Evaluate probability of evidence given
alternative hypotheses

Validation of methodology
Use of a logical
interpretation model

through the paper, and into any paper above and below that may
be in contact with it. This is why, whatever the ink dating method
used may be, the influence of factors such as those mentioned
above must be quantified and taken into account when interpret-
ing the results. At least some reservations should be expressed on
the results if these were not known (Table 9).

Furthermore, ink dating methods should be validated by
determining their limit of quantification, systematic error,
repeatability (within laboratory precision) and reproducibility
(between laboratories precision). For the latter, communication
about the method should be open to allow other laboratories to
reproduce it. This step of harmonisation between laboratories is
not easy, but should not be underestimated. In fact, for a question
as recurrent as the one of documents dating, the necessary
resources should not be an issue for forensic laboratories around
the world. Ideally the technique should then be submitted to blind
testing by an outside qualified laboratory on realistic samples such
as is done in many other forensic disciplines. This is not a small task
because preparing older realistic samples is not straightforward.
However the methods seem to work for ink up to 24 months old at
most. It is therefore feasible.

This last requirement for ink dating methods is an adequate and
logical interpretation model taking into account the methodology’s
error rates, which cannot be neglected in an ethical approach.
Calculations of likelihood ratios should allow for balanced answers
to the court considering both the prosecution and the defence
hypotheses. This will give the justice the necessary information to
consider all information at hand in a global Bayesian framework.

To conclude this article, we wish to quote from Professor
Michael ]J. Saks’ recent article: “Forensic identification: From a
faith-based “Science” to a scientific science” [81]:

“What can forensic scientists do while waiting for a serious body of
research to evolve thatilluminates their particular subfield? The short
answer is: honesty and humility. Confine reports and testimony
within the bounds of the empirically tested findings of the field,
intelligently understood (meaning: not relying excessively on any
single study of a limited aspect of a phenomenon and not
overgeneralizing). If very little is based on empirically tested findings,
simply say so, while stating conclusions in a way that recognizes and
respects the limits of the available knowledge. What one believes or
hopes about a field and what one can know on existing research are
not the same. Refrain from exaggerating what actually is known at
the present stage of the field’s development. Remain within the
bounds of actual knowledge. Abandon claims of uniqueness and
absoluteness. Recognize that forensic identification is a probabilistic
endeavor. Abandon the use of misleading terminology, such as
“match” or “identification” or “scientific certainty.” Offer descriptions
and opinions with clarity and candor. Offer conclusions with
modesty, unless and until a body of serious empirically based
knowledge allows more. Resist the culture of exaggeration. Strive for
science-based, not faith-based, forensic science”.
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superscript epsilon (€) indicates an editorial change since the last revision or reapproval.

INTRODUCTION

This guide is intended to be a general guide for forensic ink examinations, both for the experienced
document examiner (E 444) and for forensic ink comparison specialists. The aim is to include those
techniques that will provide the most information about an ink with the least damage to the document.
Therefore, this guide refers to well-reported and thoroughly tested techniques currently in use by
document examiners in general practice and dedicated forensic ink comparison facilities.

By following the procedures outlined here, an examiner can accurately discriminate ink formulas
and reduce the possibility of false matches of ink samples from different sources or incorrect

differentiation of ink samples with a common origin.

1. Scope

1.1 This Guide is intended to assist forensic examiners
comparing writing or marking inks. Included in this analysis
scheme are the necessary tools and techniques available to
reach conclusions as to the common or different origin of two
samples of ink.

1.2 Identifying ink formulas as to their manufacturer or time
of manufacture as well as performing ink dating examinations
are beyond the scope of this guide.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards: >

D 1535 Practice for Specifying Color by the Munsell Sys-
tem

E 131 Terminology Relating to Molecular Spectroscopy

E 284 Terminology of Appearance

E 444 Descriptions of Scope of Work Relating to Forensic
Document Examiners

2.2 NIST Standards:

" This guide is under the jurisdiction of ASTM Committee E30 on Forensic
Sciences and is the direct responsibility of Subcommittee E30.02 on Questioned
Documents.

Current edition approved Dec. 1, 2005 Published January 2006. Originally
approved in 1991. Last previous edition approved in 2001 as E 1422 - 01.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service @astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

NBS Standard Sample No. 2106 ISCC-NBS Centroid Color
Charts®

NBS Special Pub. 440 Color: Universal Language and
Dictionary of Names?

3. Terminology

3.1 Definitions:

3.1.1 batch to batch variation—within an ink formulation,
difference in the concentration of a component of an ink
formula due to deviations during production that are within the
manufacturer’s tolerance limit.

3.1.2 chromatography—a method of separating substances
that is widely used in analytical and preparative chemistry. It
involves the flow of a liquid or gas mobile phase over a solid
or liquid stationary phase. As the mobile phase flows past the
stationary phase, a solute will undergo repeated adsorption and
desorption and move along at a rate depending, among other
factors, on its ratio of distribution between two phases. If their
distribution ratios are sufficiently different, components of a
mixture will migrate at different rates and produce a charac-
teristic pattern (chromatogram).

3.1.3 fluorescence—a process by which radiant flux of
certain wavelengths is absorbed and reradiated nonthermally at
other, usually longer, wavelengths. (E 284)

3.1.4 infrared (IR)—referring to radiant flux having wave-
lengths longer than the wavelengths of light, usually wave-
lengths from about 760 nm to about 3 mm. (E 284)

3.1.5 light—electromagnetic radiant energy that is visually
detectable by the normal human observer, radiant energy
having wavelengths from about 380 nm to about 780 nm.

3 Available from U.S. Department of Commerce, National Bureau of Standard
Reference Materials, R. B311, Chemistry Building, Gaithersburg, MD 20899.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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(E 284)

3.1.6 luminescence—the emission of radiant energy during
a transition from an excited electronic state of an atom,
molecule or ion to a lower electronic state. (E 131)

3.1.7 metamers—specimens differing in spectral reflectance
but having colors that match in light of one spectral composi-
tion, when viewed by one observer, but may not match in light
of other spectral compositions, or when viewed by another
observer. (E 284)

3.1.8 spectroscopy—in the most general sense spectroscopy
is the study of the absorption or emission of electromagnetic
energy by a chemical species as a function of the energy
incident upon that species.

3.1.9 source—an object that produces light or other radiant
flux. (E 284)

3.1.10 ultraviolet (UV)—referring to radiant flux having
wavelengths shorter than the wavelengths of light, usually
wavelengths from about 10 nm to 380 nm.

3.1.10.1 Discussion—Long-wave UV usually refers to the
spectral range of UV-A, with wavelengths from about 315 nm
to 380 nm. Short wave UV usually refers to the spectral range
of UV-C, with wavelengths from about 100 nm to 280 nm.

3.2 Definitions of Terms Specific to This Standard:

3.2.1 ballpoint pen ink—writing or marking media intended
for use in a ball point pen. Typically, a thick, high viscosity ink
with an oil, glycol or rubber base.

3.2.2 dichroic filter—a filter with two transmission bands.
These bands are usually widely separated, and can be of
significantly different size.

3.2.3 gel pen ink—writing or marking media intended for
use in a “gel-type” roller pen. Gel pen inks constitute a unique
class of non-ballpoint pen inks. Typically, gel pen ink is an
aqueous ink of high viscosity, capable of maintaining a stable
dispersed or dissolved state of the coloring material even after
a prolonged period and exhibiting high fluidity under a
shearing force. The ink contains a coloring material (pigment
or dyes), acid-modified heteropolysaccharide and aqueous
medium (water and water-soluble organic solvent), in which
water constitutes at least 50 % by weight. Due to the incorpo-
ration of pigments into these formulations, the procedures
outlined in this guide for TLC evaluations will be of limited
value.

3.2.4 infrared luminescence (IRL)—the emission of radiant
energy during a transition from an excited electronic state of an
atom, molecule or ion to a lower electronic state (fluorescence
or phosphorescence, or both), where the spectrum of the
excitation source is in the ultraviolet (UV) or visible region of
the electromagnetic spectrum, or both, and the spectrum of the
emitted energy is in the far red or infrared (IR) region of the
electromagnetic spectrum.

3.2.5 ink formula—a precise recipe or set of ingredients and
their quantities that the manufacturer specifies for the final ink
product. These ingredients are colorants (dyes and pigments)
and vehicle components (volatile solvents, resins, etc.).

3.2.6 match between ink samples—the inability to distin-
guish between ink samples at a given level of analysis.

3.2.7 non-ballpoint pen ink—writing or marking media
intended for use in a writing or marking instrument other than

a ballpoint pen, including a dip or fountain pen, porous point
pen, roller pen, marking instrument, etc. Typically, a thin, low
viscosity ink with a water or solvent base.

4. Significance and Use

4.1 Ink comparisons are usually performed to answer four
basic categories of question: (/) whether an ink is the same (in
formula) as that on other parts of the same document or on
other documents; (2) whether two writings with similar ink
have a common origin, that is, the same writing instrument or
ink well; (3) whether the ink of entries dated over a period of
time is consistent with that dating or indicates preparation at
one time; (4) whether ink is as old as it purports to be (1).*

4.2 The procedures set forth in this guide are directly
applicable to giving a full answer to only the first of these four
questions.

4.3 With regard to the second question, differentiation of
formula (question one) would indicate a negative answer to this
question, as would differentiation with any of the additional
methods listed in Section 3. When dealing with contemporary
inks, however, a match of ink samples involving agreement in
all observable aspects of all the techniques considered in this
guide, while consistent with common origin, would not be
sufficient to support a definite opinion of common origin (2).
Contemporary ink rarely has sufficient individuality to support
a determination of common origin at less than the manufac-
turing batch level.

Note 1—Contemporary mass-produced inks are usually distributed as
a component in a complete writing instrument or in a cartridge. With such
packaging the ink is not subject to the mixing of inks and exposure to
environmental contamination that could individualize ink from a given ink
well at a specific point in time (1, 3). This sort of analysis, potentially
useful in the examination of older documents or those prepared under
certain circumstances, is beyond the scope of this guide, as is examination
of the ink line to individualize the writing instrument that produced it
based on its performance characteristics.

4.4 As to the third and fourth questions involving the age of
ink, dating techniques for determining either the relative age of
ink samples (from the same or different documents) or the
absolute amount of time since the writing of an ink line are also
beyond the scope of this guide.

4.5 However, regarding question three, it may be of great
importance in a forensic situation involving writing dated over
a period of time to determine that one or more than one ink
formula is present, that the use of various ink formulas fits a
pattern, that a particular ink formula matches samples of a
known date, etc.

4.6 As to the last question, a limit as to the possible age of
an ink entry can be inferred by establishing the date of first
production of the ink formula. Although beyond the scope of
this guide, identifying ink formulas as to their manufacturer or
time of manufacture utilizes many of the analytical procedures
described here. Specialized knowledge and experience on the
part of the examiner, as well as access to a collection or library
of ink reference samples is also required.

4 The boldface numbers in parenthesis refer to the list of references at the end of
this guide.
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4.6.1 Such an ink library consists of samples of ink formulas
from known sources, usually manufacturers of ink, or writing
or marking instruments, or a combination thereof. The ink
reference samples are usually cataloged, analyzed, and stored
according to the methods described in Refs (2, 4, 5 and 6).
Even with access to a comprehensive collection, association of
an unknown ink sample with a single known formula is not
always possible. This is because some ink formulas are not
distinguishable, however, in most cases the analytical proce-
dures outlined here are sufficiently discriminating that formulas
are distinguishable.

4.7 Comparison of ink samples by analysts without an ink
library can still provide valuable information. However, added
significance can be given to the meaning of a match if the
relative rarity or commonness of the ink formula is known.
Familiarity with or access to a comprehensive reference
collection of inks is useful for this purpose.

4.8 In expressing conclusions it should be remembered that
a match indicates that the ink samples are of the same formula
or of two similar formulas with the same nonvolatile compo-
nents. The possibility that other analytical techniques might be
able to differentiate them should always be considered (2).

4.8.1 Therefore, conclusions in this situation should never
indicate that two ink samples are “identical” or “the same ink,”
but must be limited to statements indicating “inability to
distinguish the ink samples at this level of analysis” or
“exhaustive chemical and physical testing failed to detect any
differences between the ink samples” (2).

5. Interferences

5.1 Most interferences with ink examinations come from
variables that interact with the ink. These can be part of the
writing process, such as blotting wet ink (1, 2), or variations in
the paper (7), or various forms of contamination on the
document (7, 8), or a combination thereof. Simple precautions
can usually avoid problems.

5.2 Note and record any differences in the substrate, such as
the use of different paper for different documents or pages of a
multipage document. Also note and record variations in the
document, such as a signature written over a photograph on an
identity document, multicolored paper with different dyes or
colors of underprinting, intersections with printed or typed
material, etc. (7, 8).

5.3 The results of prior handling or testing should also be
noted and recorded. These effects can include discoloration or
fading from ageing, exposure to light or heat, as well as stains
from food or drink, dirt or grease, cellophane or other tape,
adhesives, perspiration or finger smudges, water, or chemicals,
including ninhydrin or other reagents for visualizing latent
friction ridge impressions, etc. (7, 8, 9).

5.4 In optical examinations care should be taken to consider
the potential effects of these variables (7, 8). In chemical
analyses paper blanks should be run as controls for these
variables (4, 5).

6. Reagents and Equipment

Note 2—It is important that all reagents are uncontaminated.

6.1 Purity of Reagents—Reagent Grade.

6.2 Purity of Water—Distilled or equivalent.

6.3 Reagents for Spot Testing, Solubility Testing, and TLC
Extraction Solvents:

6.3.1 Pyridine.

6.3.2 Ethanol.

6.3.3 Water.

6.3.4 Other reagents as required by Refs (1, 3, and23).

6.4 Reagents for Thin Layer Chromatography (TLC) Devel-
oping Solvents:

6.4.1 Solvent System I[—FEthyl acetate, ethanol, water
(70 + 35 + 30).

6.4.2 Solvent System II—N-butanol,
(50 + 10 + 15).

6.5 Other ink extracting solvents and developing solvents in
accordance with Refs (5, 6, and 10).

6.6 Equipment for Optical Examinations:

6.6.1 Stereomicroscope:

ethanol, water

Note 3—Five to one hundred power total magnification is a range that
has been found useful.

6.6.2 UV Lamps or View Box, with both long-wave UV and
short-wave UV lamps.

6.6.3 Colored Filters, (gelatin, colored glass, interference
filters) as needed for visual and photographic differentiation of
inks.

6.6.4 Dichroic Filters, See Ref (11).

6.6.5 Photographic or other imaging equipment with appro-
priate film or other sensor, lighting, and filters for differentia-
tion of ink samples.

6.6.6 Photographic or other imaging equipment with appro-
priate film or other sensor, lighting, and filters for recording
reflected infrared (RIR) and infrared luminescence (IRL).

6.6.7 IR image conversion device or system with appropri-
ate light sources and filters for use in RIR and IRL modes as
well as appropriate photographic or other imaging equipment,
computer hardware and software for image acquisition or
processing, or both.

6.6.8 Barrier Filters for RIR and IRL—Long pass filters,
preferably sharp cut, that block visible flux. Suitable gelatin,
colored glass, and interference filters are commercially avail-
able (12, 13, 14).

Note 4—Since ink reactions can vary, it is advisable to use a series of
filters with cut on wavelengths from the red through the IR range of the
film or detector.

6.6.9 Excitation Source for IRL—Sources include: a con-
tinuous spectrum lamp with a filter to eliminate flux in the IR
and far red region of the spectrum, for example, a 10 % to 15 %
solution of copper sulfate in a cell with a 1 cm to 3 cm light
path, or appropriate colored glass or interference filters; or
lasers or other monochromatic sources.

Note 5—A variety of sources with different spectral distributions or a
variety of filters on a continuous spectrum source may be helpful in
discriminating ink samples.

When using a filtered source it is advisable to use a heat absorbing filter
between the source and the filter. This both protects the filter (15) and
eliminates a significant portion of the undesirable IR flux.

6.6.10 Photographic or other imaging equipment for record-
ing observations as required.
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6.7 Equipment for Spot Testing, Solubility Testing, and
TLC—It is important that all equipment is uncontaminated.

6.7.1 Stereomicroscope (See Note 2).

6.7.2 Hypodermic Needle, with an approximately 20 gage
hollow boring point or blunted point, scalpel or similar
sampling device.

6.7.3 Disposable Vial or Transparent Sample Container—1
dram or smaller suggested.

6.7.4 Disposable Micropipettes—10 pL or smaller sug-
gested.

6.7.5 Precoated Plastic or Glass Sheets/Plates of Silica Gel,
without fluorescent indicator (60 A pore size’ ).

Note 6—It is recommended that the TLC sheets/plates be kept in a
desiccator.

6.7.6 Glass Developing Tank with Air Tight Cover—This
tank should be the appropriate size for the sheet/plate being
developed.

6.7.7 UV Lamps or View Box, with both long-wave UV and
short-wave UV lamps.

6.8 Appropriate equipment for the additional methods listed
in Section 8.

6.9 All equipment and apparatus shall be properly main-
tained and calibrated.

7. Procedure

NONDESTRUCTIVE OPTICAL EXAMINATIONS

7.1 Light Examination:

7.1.1 Determine the Class of Ink—Under ambient lighting
conditions (natural or artificial), with or without the aid of
magnification as required, determine whether the class of the
ink is ballpoint pen or non-ballpoint pen (6). Observe the
overall appearance of the writing. Note and record anything
that might provide information about the kind of writing or
marking instrument used. For example, if there is an indenta-
tion down a central track, then the writing instrument may be
a ballpoint pen or rolling ball marker. Double indentations may
indicate a bifurcated nib dip pen or fountain pen. This step may
be performed with the use of reference standards prepared with
various classes of writing instruments on different substrata.

7.1.2 Determine the Condition of the Ink and the Overall
Appearance of the Writing—Note and record the presence of
anything that might have induced a change in the ink as
described in Section 2; for example, stains, burns, aging,
blotting, fading, attempts at mechanical erasure or chemical
eradication, discolorations, etc.

7.1.3 Determine the Color of the Ink—Inks that are metam-
ers can sometimes be differentiated by the use of illuminants
with varying color temperatures or spectral characteristics, as
well as by narrow band or laser illumination. Various filters can
also be used for direct viewing, photography, or electronic
viewing, including wide and narrow band, short and long pass,
and dichroic filters (1, 6, 11, 16) .

Note 7—The use of standard color notation may be helpful in

5 Merck Silica Gel, Whatman PE SIL G, and Merck HPTLC Silica Gel 60 have
been found satisfactory.

recording these observations. (NBS Standard Sample No. 2106, NBS
Special Pub. 440)

7.1.4 Microspectrophotometry (17) can be useful in differ-
entiating inks by measuring their wavelengths of maximum
transmission or reflectance spectra, or both.

7.2 Ultraviolet (UV) Examination:

7.2.1 Observe the ink sample under both long-wave UV and
short-wave UV sources. Note and record the fluorescence
characteristics of the ink as well as the emission of any
fluorescence (18). (See Note 7.)

Note 8—Except for some red formulas, few inks fluoresce in their
dried state on paper. A fluorescent halo is occasionally observed around an
ink line; capillary migration of a vehicle component into the substrate is
a known cause.

7.2.2 Note and record any effect of the substrate. Strong
fluorescence of the paper may affect the observer’s perception
of the ink.

7.2.3 UV examination may reveal indications that the docu-
ment has been stained by chemicals or other material that may
affect the ink comparison as discussed in Section 5 (7, 8, 9).
These can include the detection of the use of chemical ink
eradicators, liquid or dry opaquing material, cellophane or
other tape, adhesives, etc., that may have significance beyond
the ink comparison. These should be noted and recorded.

7.3 Infrared (IR) Examination:

7.3.1 Determine the Reflected Infrared (RIR) and Infrared
Luminescence (IRL) characteristics of the ink: As these effects
are beyond the range of human vision, some technological
extension of the eye is required.

7.3.1.1 These characteristics may be photographed with IR
sensitive film or observed directly with an IR image conversion
device (7, 8, 11, 15, 16, 19, 20, 21). With either system, a
suitable barrier filter is required in front of the lens to block
visible flux (see 6.6.8 and Note 4). For IRL a suitable excitation
source will also be required (see 6.6.9 and Note 5).

Note 9—Both photographic and electronic systems work well; each
has its advantages and drawbacks.

Photography provides a permanent, high resolution record of results
and long exposures can capture faint luminescence. However, exposures
can be long (up to 20 min. for faint luminescence), and considerable
experience is required before dispensing with time consuming bracketing
in a series of exposures using different filters (19, 20). The amount of time
required for processing and printing may also be a problem.

Electronic systems, including units with image conversion tubes and
closed circuit television systems, have the advantage of real time results,
facilitating optimization of filter combinations, focus, exposure, etc. (21).
These systems are well suited to screening batches of documents (such as
passports) for alterations. However, resolution is limited, some faint
luminescence may not be easy to detect, and separate photographic or
electronic imaging equipment is required to record results. Modern
integrating infrared video cameras are able to detect faint IR information
that cannot be seen otherwise.

7.3.2 Reflected Infrared (RIR):

7.3.2.1 Record the characteristics as opaque or transparent,
indicating the degree of opacity. The more opaque the ink (the
more it absorbs), the darker it will appear; the less opaque, the
lighter it will appear, until it seems to be transparent or to drop
out. An arbitrary four point scale of -3 to 0 (opaque to
transparent) may assist in recording these observations.

7.3.3 Infrared Luminescence (IRL):
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7.3.3.1 Record the IRL characteristics of the ink relative to
the substrate as darker, similar, or lighter, indicating degree as
appropriate. Ink that luminesces more brightly than the sub-
strate will appear lighter than the substrate; strongly lumines-
cent ink may appear to glow brightly. If ink does not luminesce
or does not luminesce as brightly as the substrate, the ink will
appear darker than the substrate (this is sometimes referred to
as black luminescence or negative luminescence). Ink that
luminesces at an intensity similar to that of the substrate
appears invisible, and is said to drop out. An arbitrary seven
point scale of -3 to 0 to +3 (black to indistinguishable to very
bright) may assist in recording these observations.

Note 10—Depending on the characteristics of the substrate and the
combination of source or filters, or both, the appearance of ink samples
with the same formula can vary from nonluminescing to strongly
luminescent. The appearance of ink luminescence can be affected by the
amount of ink and the substrate.

7.3.3.2 A luminescent halo is occasionally observed around
an ink line; capillary migration of a vehicle component into the
substrate is a known cause.

7.3.3.3 Inks that luminesce with similar but not identical
intensity can sometimes be differentiated by placing a nonlu-
minescing or brightly luminescing object behind the substrate
(22).

7.4 When recording UV fluorescence, IR absorption, and
IRL characteristics of an ink sample, it is important to note and
record any influence imparted by the substrate. It is also
important to be aware of factors (such as those discussed in
Section 2) that may affect the results of this portion of the
examination (7, 8, 9).

7.5 The reaction of an ink sample can vary at different
wavelengths. Therefore, in differentiation of ink samples it is
useful to use a range of different light sources, filters, filter
combinations, etc. (16) (See Note 4 and Note 5). In noting and
recording the reaction of the ink sample, also record the source,
filters, etc.

CHEMICAL EXAMINATIONS

7.6 Spot Testing and Solubility Testing:

7.6.1 Spot testing of an ink sample can be done directly on
the substrate. Minimal damage to the document is possible if
the solvents are applied in small amounts to the ink line and the
resulting changes are observed under magnification. Spot
testing of an ink sample can be done on a removed sample, if
performing the test in situ is not indicated. These tests can be
used to differentiate ballpoint and non-ballpoint ink based on
the solvent that solubilizes the vehicle, to determine the proper
extraction solvent for subsequent analysis, or to provide
presumptive information on the colorants used in the ink
formula.

Note 11—These tests may consume a great deal of material relative to
the amount of information provided.

7.6.2 Spot tests to determine the solubility or color reaction
of an ink sample to various reagents were once widely used to
differentiate ink formulas and to presumptively identify the
constituents of an ink formula. Information on older ink
formula can be found in Osborn (1) and Mitchell (3). A study

of more modern blue ballpoint inks has been conducted, and an
analytical scheme published (23).

7.6.3 At present spot tests are most often used to differen-
tiate ballpoint and non-ballpoint ink based on the solvent that
solubilizes the vehicle. Ballpoint inks are either oil based or
glycol based. Oil based ballpoint inks were used in the earliest
ballpoint pens. Generally, glycol based ballpoint inks (widely
used since around 1950) are very soluble in pyridine. Inks
formulated for fountain pens, porous point pens, and roller
pens are generally water or alcohol based and compositions
that are readily soluble in ethanol and water (1+1) (2).
Indelible markers are solvent based and would generally be
soluble in pyridine. Note and record the results. If TLC is
planned, these results can be used for selecting the appropriate
extracting solvent.

7.6.4 These tests, performed in situ or on a removed sample
with various solvents, can be sufficient to determine that two or
more ink samples are not of the same ink formula. In many
situations, once such a determination is made, further testing
may be unnecessary.

7.7 Chromatography—Thin  Layer Chromatography
(TLC)—Many forms of chromatography have been used suc-
cessfully to differentiate writing inks, including paper chroma-
tography, high pressure liquid chromatography (HPLC), gas
chromatography (GC), and thin layer chromatography (TLC).
Except for substrate specific items, the procedure for paper
chromatography is similar to TLC (2, 5).

7.7.1 TLC Sheet/Plate Activation—Activate a TLC sheet/
plate in a pre-heated oven (approximately 100°C for 10 to 15
minutes) immediately prior to spotting. Allow sheet/plate to
cool.

Note 12—Heating the sheet/plate merely drives off plate moisture. If
the sheet/plate were stored under ideal desiccate conditions, activation
would theoretically be unnecessary; however, it would still be advisable to
heat the sheet/plate as a precaution.

7.1.2 Sampling for TLC:

7.7.2.1 Using a blunted or hollow boring hypodermic
needle, or similar device, remove a sufficient number of plugs
(usually 7 to 10 plugs of ink from a line are sufficient). If a
scalpel is used, remove about 1 cm of the line. The number of
plugs (or length of line) required depends on the concentration
and solubility of the ink.

7.7.2.2 Avoid sampling areas on a document that may be
contaminated by writing on the reverse, or by stains or other
contaminants on either side. (See Section 2)

7.7.2.3 Place the plugs of ink in a vial.

7.7.2.4 Place the same number of plugs of paper (or the
same size piece of paper) from a control area of the substrate
in another vial.

7.7.2.5 1If the writing is limited, microsampling techniques
using a single plug may be necessary (24).

7.7.3 Extracting the Ink:

7.7.3.1 Add approximately 3 to 5 uL of solvent (pyridine for
ballpoint inks or ethanol and water (1 + 1) for non-ballpoint
inks) to the vials. (Other solvents may be used based on the
ease of extraction. The comparison standard inks must have
been extracted using the same solvent.) The amount may vary
depending on the absorptivity of the substrate and the type and
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age of the ink line. Adjust the amount of extracting solvent as
needed. If both ballpoint and non-ballpoint ink from the same
sheet of paper (or other substrate) are being analyzed, two
paper control samples will be necessary since the ink extrac-
tions will require two solvents and each solvent may extract
different components from the substrate.

7.7.3.2 Gently agitate the plugs and solvent for approxi-
mately 1 min or until sufficient extraction has occurred. Note
and record the color of extract in the vial. The use of standard
color notation may be helpful in recording these observations.
(Test Method D 1535, NBS Standard Sample No. 2106, NBS
Special Pub. 440)

7.7.4 Spotting the Ink:

7.7.4.1 Spot the extract on the activated TLC sheet/plate
approximately 15 mm from the designated bottom of the plate.
It is important to maintain uniformity in the intensity and size
of the spot (a spot size of approximately 2 to 3 mm works
well). Spots should be placed no closer than 1 cm from either
the left or right side of the plate and should be adequately
separated so they will not interfere with each other during the
migration of the components of the sample. The boundaries
(left and right) of each area to be spotted may be scribed with
a stylus or pencil. Do not place these boundary marks closer
than 1 to 2 mm from the area of the plate to be spotted. This is
so there will be no interference for the solvent system traveling
up the plate. If a pencil is used, do not spot the extract directly
on the pencil mark or in the same lane since many inks contain
carbon or graphite, as do pencils.

7.7.4.2 Numerous ink samples can be analyzed simulta-
neously by spotting each ink sample and paper blank on the
same chromatographic sheet/plate with sufficient separation to
avoid interference or cross contamination, or both. These spots
should be equal in intensity and size. This is attainable through
manipulation of the number of ink plugs (or length of ink line)
and the amount of extracting solvent. If the maximum number
of samples are to be compared on a sheet/plate, do not spot the
extract closer than 1 cm from either side of the plate.
Extraction spots placed closer to the edge of a plate can cause
a skewed separation that may affect the comparative value of
the chromatogram.

7.74.3 Allow the sheet/plate to air dry to remove any
residual solvent. The amount of time will vary depending on
the laboratory conditions and the solvent(s) utilized. Do not
expose the sheet/plate to extreme heat or light during the
spotting procedure. This has been shown to induce changes in
the resultant chromatograms of some ink formulas (5, 9).

7.74.4 If the intensity of the spot is weak, it may be
necessary to respot. This is done by carefully applying addi-
tional extract directly over the original spot and air drying
again.

Note 13—This technique requires experience. It is important to keep
the spot size consistent when respotting (for example, do not spot a I mm
spot over an existing 2 mm spot). Otherwise you may create rings that can
skew the appearance of the resulting separation. Respotting can be
accomplished through the careful adjustment of the amount of extract to
be spotted.

7.7.4.5 Use of a suitable calibration standard is recom-
mended. It should be spotted onto the plate in the same manner.

7.7.5 Developing the TLC Sheet/Plate:

7.7.5.1 Place the sheet/plate in a developing tank previously
equilibrated for approximately 15 min with Solvent System I.
The level of solvent in the tank should be between 5 and 10
mm and should not touch the ink extraction spots when initially
submerged. Let the chromatogram develop until the compo-
nents exhibit sufficient separation to allow comparison or for
approximately 15 min.

7.7.6 Evaluating:

7.7.6.1 Remove the chromatogram from the developing
tank and immediately evaluate the fluorescent characteristics
using long-wave UV and short-wave UV sources. Note and
record the color, the fluorescent characteristics, the retardation
factor (R value), and the relative concentration of all fluores-
cent bands present for each ink sample.

7.7.6.2 Follow the same procedure for the corresponding
paper (or other substrate) control (blank), to determine if there
is any contribution from the substrate, for example, from
tinting materials or optical brighteners (5).

7.7.6.3 Allow the sheet/plate to air dry and promptly evalu-
ate it again following the same procedures. Note and record
any change.

Note 14—The appearance of certain fluorescent components can
change in the time between these two observations.

7.7.6.4 Under ambient light note and record the color, the Rf
value, and the relative concentration of all bands present for
each ink sample and control.

7.7.6.5 The completed plate should be stored away from
light, heat, and air, since, in their separated form, ink dyes are
very susceptible to fading or change of color. Results may be
preserved by color photography.

7.7.7 Interpretation:

7.7.7.1 Samples of ink with qualitatively different colorant
compositions can be easily distinguished by comparison of the
characteristics observed in 7.7.6.

8. Additional Methods

8.1 If more information is needed to distinguish similar
inks, some of the following techniques may be tried.

8.1.1 Additional Thin Layer Chromatography (TLC) Tech-
niques:

8.1.2 Solvent System II allows development in a solvent
system of a different polarity that may affect a different
separation of the components (2, 4).

8.1.3 It may be advisable to use a different TLC sheet/plate
along with the additional solvent systems. This may give a
different separation and allow another means of comparison (2,
4, 10).

8.1.4 The chromatograms can be evaluated with the aid of
laser or other monochromatic illumination, RIR and IRL, or
other techniques described in 7.1.3.

8.1.5 The chromatograms can be imaged and the densities
evaluated using appropriate instrumentation. This can give an
accurate quantitative comparison of the relative concentrations
of components (5).

8.2 Other Analytical Techniques:

8.2.1 These techniques may provide valuable information
concerning components found in inks, including solvents,
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surfactants, humectants, and resins. They may be of use in
certain situations, but are not generally necessary in perform-
ing routine ink comparisons.

8.2.1.1 Batch-to batch variation within an ink formula may
be detectable utilizing analytical methods, such as chromatog-
raphy, electrophoresis, spectrometry, spectrophotometry, or a
combination.

8.2.2 Fourier Transform Infrared Spectroscopy (FTIR) can
be useful when detailed information is necessary about an ink’s
organic composition (4, 25).

8.2.3 Gas Chromatography (GC), Gas Chromatography/
Mass Spectrometry (GC/MS) can provide information on
organic components (4). GC/MS operating in the selected ion
monitoring mode permits reliable detection and identification
of the ink’s primary vehicle solvents (28).

8.2.4 High Pressure Liquid Chromatography (HPLC) has
been used to gather information on batch-to-batch variation or
when detailed information is necessary about an ink’s organic
composition (26).

8.2.5 Microspectrophotometry can be used to obtain the
ink’s spectral transmittance curve or reflectance curve, or both
a7).

8.2.6 Spectrofluorometry has been used when an emission
spectra is desired (27).

8.2.7 X-Ray Fluorescence Spectroscopy (XRF) can provide
detailed information on the inorganic components of an ink (5).

8.2.8 Capillary Electrophoresis has been used to provide
detailed organic comparisons of two or more inks (29).

9. Reporting Conclusions

9.1 Conclusions resulting from the comparison of two ink
samples may be reached once sufficient examinations have
been conducted. In reporting conclusions, the tests performed
shall be listed. The number of necessary tests is dependent on
the inks involved.

9.2 Differentiation:

9.2.1 If significant, reproducible, inexplicable differences
between ink samples are found at any level of the optical or
chemical analyses, it may be concluded that the inks do not
have a common origin.

9.2.2 However, when inks give differing test results, the
possibility of batch-to-batch variation within an ink formula
must be considered: this kind of variation may be detectable
utilizing analytical methods, such as chromatography, electro-
phoresis, spectrometry, spectrophotometry, or a combination.
The potential influences of interfering factors that can alter the
composition of an ink sample must also be considered (see
Section 5).

9.3 Matches:

9.3.1 When the comparison of two or more ink samples by
optical or chemical analyses, or both reveals no significant,
reproducible, inexplicable differences and there is significant
agreement in all observable aspects of the results, it may be
concluded that the ink samples match at that level of analysis
and that the results of the examination indicate that the ink
samples are of the same formula or of two similar formulas
with the same nonvolatile components (2). The possibility that
other analytical techniques might be able to differentiate the
samples should be considered.

9.3.2 This conclusion does not eliminate the possibility that
the ink samples being compared are from different manufac-
turing batches or from different writing or marking instruments
(2).

9.3.3 Reports of conclusions should never state that two ink
samples are identical or the same ink. Statements must be
within the limits of 9.3.1.

10. Keywords

10.1 forensic
documents
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INTERNATIONAL

Designation: E 1789 — 04

Standard Guide for
Writing Ink Identification’

This standard is issued under the fixed designation E 1789; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (€) indicates an editorial change since the last revision or reapproval.

INTRODUCTION

This guide is intended as a general outline for use in forensic ink examinations, where the intention
is to identify an ink formula or type. It is designed both for the experienced document examiner (see
Guide E 444) and for those unfamiliar with previously reported procedures. The aim is to describe
those techniques that will provide the most information about an ink with the least damage to the
document. This guide refers to well-reported and thoroughly tested techniques currently in use by
forensic document examiners, chemists, and other scientists.

Following the procedures as outlined, an examiner can accurately discriminate between ink
formulas; as well as significantly reducing the possibility of reporting false matches of ink samples
from different sources or incorrectly differentiating ink samples from a common source.

Identifications of ink formulas may be accomplished through the use of an adequate collection of
standards. The necessary completeness of a comparison collection and limitations of conclusions will

be addressed in the guide.

1. Scope

1.1 This guide covers assisting forensic examiners in iden-
tifying writing inks. Included in this analysis scheme are the
necessary tools and techniques which have been successfully
utilized to reach conclusions as to the common or different
origin of two samples of ink.

1.2 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards: >

E 444 Guide to Descriptions of Scopes of Work Relating to
Forensic Sciences for Questioned Document Area

E 1422 Guide for Test Methods for Forensic Writing Ink
Comparison

2.2 NIST Standards:

" This guide is under the jurisdiction of ASTM Committee E30 on Forensic
Sciences and is the direct responsibility of Subcommittee E30.02 on Questioned
Documents.

Current edition approved Dec. 1, 2004. Published January 2005. Originally
approved in 1996. Last previous editon approved in 1996 as E 1789-96.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

NBS Standard Sample No. 2106 ISCC-NBS Centroid Color
Charts®

NBS Special Pub. 440 Color: Universal Language and
Dictionary of Names?

3. Terminology

3.1 Definitions—Terminology has been defined in Guide
E 1422, with the following addition:

3.1.1 ink library—an organized collection of reference
samples of inks and related materials.

3.1.1.1 Discussion—For maximum effectiveness in identi-
fication of questioned ink, an ink library should at minimum
include the following elements: reference samples of ink in
unused form, either in bulk samples from the manufacturer or
in distribution form such as bottles, pens, or cartridges; dried
ink specimens of each reference sample of ink placed on paper
(scribble sheets); analysis results of each reference sample of
ink, for example, TLC sheets/plates; and an ink information file
for each reference sample of ink containing available relevant
data. All elements of the collection should be as complete,
comprehensive, and up-to-date as possible, although this will
vary between ink libraries.

3 Available from U.S. Department of Commerce, National Bureau of Standards,
Office of Standard Reference Materials, R. B311, Chemistry Building, Gaithersburg,
MD 20899.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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4. Significance and Use

4.1 The reasons for identifying writing inks are to obtain
information about: the origin; relative availability; distribution;
and first and last (if applicable) production dates. It is this
valuable information available from the manufacturer and
through the use of a collection of standards that differentiates
this guide from Guide E 1422.

4.1.1 The procedure set forth in this guide are applicable in
determining the significance of a match obtained by perform-
ing the examinations set out in Guide E 1422 (by showing how
rare or common an ink formula may be), or in determining the
source of an ink. The identification of a specific ink formula
can facilitate the determination of the first date of production
and the discontinuance date of that ink.*

4.1.2 In addition to proficiency in the use of the necessary
analytical procedures, specialized knowledge and experience
on the part of the examiner are required.’> Also required is a
comprehensive collection of reference samples of ink and
related materials (ink library). The ink reference standards are
cataloged, analyzed, and stored according to the procedures
described in Section 7.

4.2 Even with access to a comprehensive ink library, it is not
always possible to positively identify a questioned ink sample.
This is because some ink formulations are very similar; usually
only non-volatile ingredients such as dyes and pigments are
compared; and no matter how comprehensive the ink library is,
the collection will never be complete.®

4.2.1 Some ink formulas are not distinguishable; they be-
have in the same manner under various examinations because
they have similar formulas with the same nonvolatile compo-
nents. Thus, it is not always possible to find a single reference
ink sample in the ink library that matches a questioned ink.
Even if one is found, it may not provide an identification unless
the ink formula is shown to be unique because it contains a
specific component. For these reasons, it will not be possible to
identify every questioned ink. There is not always a forensic
answer to a question at hand.

4.2.2 It must also be understood that it is not possible to
create an all inclusive ink library, just as it would not be
possible to obtain every fingerprint, or every paint, soil, or
glass sample. Conclusions as to the identity of an ink are
dependent on the completeness of the ink library used. Thus, it
is possible that there are one or more inks not in the ink library
that would be indistinguishable from the questioned ink.

4.3 In spite of these limitations, questioned inks can be
associated with reference ink samples with a high degree of
confidence using the systematic approach in this guide. The
analytical procedures given here, such as TLC and TLC
Densitometry, are sufficient to distinguish most inks, and

4 Brunelle, R. L. and Pro, M. J., “A Systematic Approach to Ink Identification,”
Journal of Official Analytical Chemistry, Vol 55, 1972, pp. 823-826.

> Brunelle, R. L. and Cantu, A. A., “Training Requirements and Ethical
Responsibilities of Forensic Scientists Performing Ink Dating Examinations,” Letter
to the Editor, Journal of Forensic Sciences, November, 1987.

® Crown, D. A., Brunelle, R. L., and Cantu, A. A., “Parameters of Ballpoint Ink
Examination,” Journal of Forensic Sciences, Vol 21, 1976, pp. 917-922.

therefore to match most questioned ink samples to a reference
sample of ink or a relatively limited group of reference samples
in an ink library.

4.3.1 Just as with other forensic tools, for example, FTIR,
GC, HPLC, etc., pattern profile matching with reference
samples is often sufficient to yield an identification. Individual
component identification through an internal standard ap-
proach may be used, but is not usually necessary.*

5. Interferences

5.1 Most interferences with ink examinations and subse-
quent identifications are a result of variables interacting with
the ink. These variables can usually be attributed to the writing
process or storage conditions, or a combination thereof, and are
discussed in Guide E 1422. Evaluation of these variables can
avoid problems examinations.

5.2 Other interferences can be caused by changes to the
TLC diffusion of fluorescent components, differences in the
paper controls, differences in color due to fading either of the
inks or of the components on the TLC sheet/plate, solvent
depletion, or a combination of these and other factors. Evalu-
ation of these variables, use of paper blanks, and proper storage
and maintenance of the reference samples and related material
in the ink library can avoid problems in examinations.

5.3 Large batch-to-batch variations in the manufacturing
process can also lead to problems in evaluating a match.

6. Reagents and Equipment

6.1 Appropriate reagents and equipment for the required
techniques have been listed in Guide E 1422, with the follow-
ing additions:

6.1.1 Low Resolution Precoated Plastic or Glass Sheets/
Plates of Silica Gel, without fluorescent indicator (60 angstrom
pore size).

Note 1—Low resolution sheets/plates are generally not as sensitive to
external effects, for example, temperature, humidity, and development
conditions. They have the quality of exhibiting excellent reproducibility
and as such are an appropriate choice for storage media of the ink library
TLC plates.

6.1.2 High Resolution Precoated Plastic or Glass Sheets/

Plates of Silica Gel, without fluorescent indicator (60 angstrom
pore size).

Note 2—It is recommended that the TLC sheets/plates be kept in a
desiccator.

7. Procedure

7.1 Collection, Preparation, and Analysis of Reference Ma-
terials for the Ink Library:

7.1.1 Reference Samples of Ink:

7.1.1.1 The core of the ink library consists of reference
samples of ink formulas, usually obtained from ink manufac-
turers. Additionally, ink and pens should be purchased at
retailers on a regular basis (at least once a year), because it is
not always possible to obtain samples directly from all manu-
facturers of ink. Because of international trade and travel
patterns, reference samples of ink should be obtained on a
world-wide basis.

7.1.1.2 Accession information for each reference sample of
ink should be recorded, such as date of acquisition, source, etc.



Ay E 1789 - 04

For an assembly of reference samples of ink to be considered
a collection rather than an accumulation, it must be organized
and cataloged. If a computerized database is used, searching
can be on any criteria; if not, the features noted in a light
examination performed in accordance with Guide E 1422 can
be used to organize the collection.

7.1.1.3 Reference samples of ink should be stored under
optimal laboratory conditions (sealed containers, darkness,
temperature and humidity controlled) to retard drying, oxida-
tion, and other changes related to aging.

7.1.2 Dried Ink Specimens:

7.1.2.1 Prepare a specimen by making lines or marks on a
sheet of paper (scribble sheet). Record the date of preparation.
Allow the ink to dry for up to 1 h under ambient conditions
before storing.

Note 3—Dried ink specimens can be effectively stored on filter type
paper that does not contain optical brightener additives. A sample of any
paper being considered for a library storage media should be analyzed
following the laboratory procedures as indicated in this standard. This will
determine if the paper will interfere with the examination procedure.

7.1.2.2 Dried ink specimens should be stored under optimal
laboratory conditions (darkness, temperature and humidity
controlled) to retard fading and other changes.

7.1.3 Results of Analysis of Reference Samples—Because
questioned ink samples will be analyzed in accordance with
Guide E 1422 for comparison with the ink library (see 7.2), the
reference samples in the library should undergo the same
analyses with results preserved for future searching.

7.1.3.1 Perform the light, ultraviolet (UV), and infrared (IR)
examinations in accordance with Guide E 1422.

7.1.3.2 Perform the spot testing and solubility testing in
accordance with Guide E 1422.

7.1.3.3 Perform the thin layer chromatography TLC exami-
nation in accordance with Guide E 1422.

7.1.3.3.1 Note and record the extraction solvent used.
Where appropriate, prepare duplicate extractions using all the
different solvents likely to be employed in extraction from
various substrata. Prepare a TLC of each extract, recording the
solvent used. Appropriate TLC sheets/plates will then be
available for comparison with questioned samples.

7.1.3.3.2 The TLC analysis should be conducted on low
resolution type sheets/plates. Low resolution sheets/plates are
generally not as sensitive to external effects, for example,
temperature, humidity, or development conditions. They have
the quality of exhibiting excellent reproducibility and as such
are an appropriate choice for storage media of the ink library
TLC sheets/plates.

Note 4—Plastic backed 60 angstrom size silica gel without fluorescent
indicator sheets/plates has been found to be satisfactory.

7.1.3.3.3 Ink library TLC sheets/plates should be stored
under optimal laboratory conditions (darkness, temperature
and humidity controlled) to extend the useful life of the
sheets/plates. TLC sheets/plates have a limited useful life: the
sheets/plates themselves will degrade after 10 to 20 years, and
the band colors and fluorescence characteristics may fade or
undergo other changes sooner. Deteriorating TLC sheets/plates
should be replaced as needed.

7.1.4 Ink Information Files:

7.1.4.1 All available relevant data on each reference ink
sample should be collected and maintained. This can include
information on the manufacturer; ink formula; manufacturer’s
designation(s) and marketing name(s); other user’s (for ex-
ample, pen manufacturers) and their designation(s) and mar-
keting name(s); volume of ink manufactured; area(s) of distri-
bution; first production date; date first released to the public;
last production date; etc.

Note 5—Some information may be considered proprietary by the ink
manufacturer or other source. Such information should be treated with the
appropriate confidentiality.

7.1.4.2 Analytical results and other data from 7.1.3 should
be maintained. Efficient organization of this information can
facilitate searches of the ink library.

7.2 Ink Identification—Ink identification is a two step pro-
cess. The first step involves comparative analysis techniques
described in Guide E 1422. The second step includes compari-
son of any resulting TLC plate from the initial analysis to an
ink library.

7.2.1 Perform the light, ultraviolet (UV), and infrared (IR)
examinations and record results in accordance with Guide
E 1422.

7.2.2 Perform the spot testing and solubility testing and
record results in accordance with Guide E 1422.

7.2.3 Perform the thin layer chromatography TLC examina-
tion in accordance with Guide E 1422.

7.2.3.1 The comparison reference inks in the ink library
must have been extracted using the same solvent. If there is no
TLC plate in the ink library that meets this requirement,
prepare one in accordance with Guide E 1422 using the
appropriate solvent before proceeding.

7.2.4 First TLC Interpretation:

7.2.4.1 Samples of ink with qualitatively different colorant
compositions can be easily distinguished by comparison of the
characteristics described in Guide E 1422.

7.2.5 Comparison Against a Library of Standards:

7.2.5.1 Where comparison against a library of standards is
desired, the initial TLC analysis should be conducted on low
resolution type sheets/plates of the same type used to prepare
the TLC sheets/plates in the ink library.

7.2.5.2 Using the results of the light, ultraviolet (UV), and
infrared (IR) examinations (see 7.2.1) search the library for
samples known to produce these results. Physically compare
the questioned ink sample in situ with the dried ink samples
from the ink library. Note and record all ink library reference
samples that are consistent with the questioned ink at this
stage.

7.2.5.3 Physically compare the chromatogram of the ques-
tioned ink with the chromatograms of all the reference samples
in the ink library that were not eliminated in 7.2.5.2. Observe
the band colors, Rf separations, and fluorescence characteris-
tics. Note and record all ink library reference samples that are
consistent with the questioned ink at this stage.

7.2.5.4 Those reference samples that match at every level of
the examination are selected as possible matches in preparation
for the second TLC comparative examination.
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7.2.5.4.1 Reference samples from the ink library having
explicable differences should also be selected as possible
matches. Such over-selection of standard inks reduces the
possibility that a true match is not eliminated from consider-
ation. Explicable differences include characteristics arising
from diffusion of fluorescent components, differences in the
paper controls, differences in color due to fading either of the
inks or of the components on the TLC sheet/plate, solvent
depletion, or a combination of these and other factors.

7.2.6 Second TLC Analysis:

7.2.6.1 Begin a second TLC comparison between the ques-
tioned ink and the potential matches from the ink library. This
examination may further reduce the number of standard library
inks that could match the questioned ink.

Note 6—The TLC sheets/plates used at this stage should be very high
resolution. TLC sheets/plates that are high resolution are generally very
sensitive both to their surroundings and to development conditions. The
reproducibility within a plate is extremely good; however, plates should
not be inter-compared due to potential variations.

7.2.6.2 Remove a suitable amount of sample from each of
the reference ink samples in the ink library whose physical and
chemical TLC results are consistent with the questioned ink’s.
There may be many potential library matches at this stage of
the examination. Every potential match should be sampled.

7.2.6.3 Perform a TLC analysis in accordance with Guide
E 1422.

Note 7—Glass backed 60 angstrom size silica gel without fluorescent
indicator plates has been found to be satisfactory. Variations within plates
of the same type and manufacturer have been noted.

Note 8—Spot all inks and the paper control samples (blanks) on the
same plate. This is necessary based on the sensitivity of the high resolution
TLC plates. If more than one plate is needed (one 20 by 20 cm plate can
accept approximately 18 spots 2 to 3 mm wide) respot the questioned
ink(s) and paper control(s) on each additional plate.

7.2.7 Second TLC Interpretation:

7.2.7.1 Physically compare the chromatograms of the ques-
tioned and selected standard ink(s). Note and record the
consistencies in band colors, Rf values, and any fluorescence
characteristics. Also note and record any inconsistencies.

7.2.7.2 These comparative examinations between the ques-
tioned and standard inks provide the necessary information to
eliminate non-matching inks and to locate one or more
matching reference ink samples in the ink library (if any
matches are present).

8. Additional Analyses

8.1 To date, most forensic analyses of writing inks involve
thin layer chromatography. TLC provides a reproducible
method that allows for storage of standards and for subsequent
comparisons with unknowns. Sometimes, optical techniques
along with TLC are insufficient to narrow the field of possible
matches to a single reference sample in the ink library. The
previously described analysis methods are not by any means
the only techniques that can be used, nor are they represented
to be the best of all possible methods. Each examination should
be considered as an individual matter involving decisions
regarding the best method(s) of analysis. The analyst must use
the best analytical techniques available, be aware of advan-
tages and shortcomings and determine as many identification

criteria as necessary. If more information is needed regarding a
particular ink, the additional techniques listed in Guide E 1422
can be tried.

9. Reporting Conclusions

9.1 In reporting conclusions of comparative examinations
with an ink library, three necessary elements should be
included: (/) a listing of the examinations performed; (2) the
matches found; and (3) the conclusions drawn.

9.2 Examinations Performed—The report should include a
listing of the laboratory examinations conducted. This section
should discuss, but does not need to be limited to, the
techniques found in Sections 7 and 8.

9.2.1 Examples—“Optical (physical) and chemical exami-
nations were performed on the questioned ink from exhibit
(give exhibit designation) and the results were compared with
those from inks in our ink library. The examinations conducted
include (list examinations performed).”

Note 9—If the exhibit bears several questioned inks, the report should
state their location on the document and that the results of their individual
examination were compared with each other. The report should identify
questioned inks that are different from each other by sorting the ques-
tioned inks into distinct groups consisting of inks that match each other.

9.3 The Matching Standard Ink(s)—The cumulative set of
comparative examinations (see Sections 7 and 8) will deter-
mine the number of reference ink samples (if any) that match
a questioned ink. Depending on the level of analysis, a
questioned ink can be said to match one or more reference
samples in the ink library.

9.3.1 Differentiation:

9.3.1.1 If significant, reproducible, inexplicable differences
between the questioned ink sample and a reference sample are
found at any level of the physical, or chemical analyses, or
both, it may be concluded that the inks do not have a common
origin.

9.3.1.2 However, when inks give differing test results, the
possibility of batch-to-batch variation within an ink formula
must be considered; this kind of slight variation may be
detectable utilizing sophisticated instrumentation, generally
limited to FTIR, GC/MS, HPLC and/or XRF. The potential
influences of interfering factors that can alter the composition
of an ink sample must also be considered (see Section 5).

9.3.2 Matches—When the comparison of the questioned ink
sample and a reference sample by optical and chemical
analyses reveal no significant, reproducible, inexplicable dif-
ferences and there is significant agreement in all observable
aspects of the results, it may be concluded that the ink samples
match at that level of analysis and that the results of the
examination indicate that the ink samples are of the same
formula or of two similar formulas with the same
components.®The possibility that other analytical techniques
might be able to differentiate the samples should be considered.

Note 10—Each comparative examination has its own criteria for
determining if a match exists. These are determined by the examiner,
based on the examiner’s training and experience. Matching criteria should
not include inexplicable differences that are too vague (since this may
unnecessarily increase the number of matching possibilities) or too
specific (since this may eliminate an actual match).

Note 11—When a comparative examination yields no inexplicable
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differences, the items compared may be said to match or to be indistin-
guishable at that level of analysis. These terms are not synonymous with
the term similar, a term sometimes used for near matches where the results
are close but do not meet all the necessary criteria.

9.3.3 An important concern when reaching a conclusion
regarding ink matches is whether the matching inks are the
same to the exclusion of all other inks. The possibility that the
questioned ink matches an ink formula not in the ink library
must be assessed based on the experience of the examiner, who
evaluates the characteristics of the questioned ink, the exami-
nations performed, the comprehensiveness of the ink library,
and information from the ink manufacturer. Based on the above
cited factors, this possibility can range from highly probable to
extremely unlikely.

9.4 Single Library Match—The questioned ink matches
only one reference ink sample in ink library to the exclusion of
all other reference ink samples.

9.4.1 The matching reference ink sample must be the only
one in the library that matches (see 9.3.2) when compared by
each examination with the questioned ink sample.

9.4.2 Furthermore, it must be possible to differentiate (see
9.3.1) the questioned ink sample from each of the other
(nonmatching) reference ink samples in the library by at least
one comparison, thereby eliminating all other reference
samples in the ink library as a possible match for the
questioned ink.

9.4.3 In the absence of a unique component in the ink
formula or some other reason to discount the possibility that
the questioned ink may also match one or more additional inks
not in the ink library, conclusions should not be reported in
absolute terms as an identification, even though based on the
comprehensiveness of the standard ink library, the level of
examinations performed, and the characteristics determined,
this possibility can be remote.

9.4.3.1 Examples—"“These findings suggest that the ques-
tioned ink matches only one standard reference ink from the
ink library.” Alternatively, “these findings suggest that the
matching standard ink is the only standard ink that could not be
eliminated as being, the questioned ink.” An equivalent state-
ment can be substituted.

9.4.4 If it is determined that the questioned ink sample
matches a reference sample that is unique, the report of the
findings and of the conclusions should reflect this.

9.4.4.1 Examples—*“The questioned ink was found to
uniquely match a reference sample ink.” The conclusion
should also state that “The questioned ink is (identified as) the
matching standard ink.”

9.4.5 Depending on the information requested by the sub-
mitter, the report may include the ink manufacturer’s name; the
manufacturer’s designation for the formula; the first production
date and last production date; the area(s) of distribution; the
brand and type of pens using the formula. If a first commercial
production date of the questioned ink was requested, report that
the questioned ink matches a reference sample in the ink

library that was first manufactured on (state first production
date of the matching reference sample ink). Identification of
specific dyes, components, and ratios should be avoided as this
information may be considered proprietary to the manufac-
turer.

9.5 Multiple Library Match—The questioned ink matches a
group of two or more reference ink samples in the ink library
to the exclusion of all other reference ink samples outside the
group.

9.5.1 The matching reference ink samples must be the only
ones in the library that match (see 9.3.2) when compared by
each examination with the questioned ink sample.

9.5.2 Furthermore, it must be possible to differentiate (see
9.3.1) the questioned ink sample from each of the other
(nonmatching) reference ink samples in the library by at least
one comparison, thereby eliminating all other reference
samples as a possible match for the questioned ink.

9.5.3 Conclusions should be reported in a manner similar to
a single library match (see 9.5.3), while reflecting the multiple
matches found.

9.5.3.1 Example—"These findings suggest that the ques-
tioned ink is one of these matching standard inks or another ink
with the same determined characteristics.”

9.5.4 Reporting these findings may also include informa-
tional items regarding the inks (see 9.5.3). If a first commercial
production date of the questioned ink was requested, then it is
necessary to report the earliest first production date found
within the group of matching reference samples. As noted
above, no information should be reported that may be deemed
proprietary to the manufacturer.

9.6 No Match—The questioned ink does not match any
reference samples of ink in the ink library.

9.6.1 Inability to find a matching reference sample in the ink
library could be due to one or more of several causes: The ink
formula of the questioned ink sample exists outside of the
library; but a reference sample of that ink formula is not in the
ink library. A reference sample of the ink formula is in the ink
library but does not match the questioned ink sample because
of significant batch to batch variations in the manufacturing
process. The questioned ink sample has changed to the point
that it no longer will match a reference sample of the same ink
formula in the library.

9.6.2 The report can list some of the possible reasons for
these results.

9.6.2.1 Examples—The questioned ink was not found to
match any reference sample ink in the ink library. The
questioned ink’s appearance and characteristics may have
changed (have been altered) due to storage conditions, con-
tamination, etc. Another possibility is that the questioned ink
may be one that is not in the ink library.”

10. Keywords

10.1 forensic sciences; ink identification; questioned
documents
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. The HP'LasérJet was the first desktop laser printer, introduced in 1984
- at about $3,500. Nothing like it existed previously, and it created a

- totally new printer market—similar to what the HP-35 handheld
- calculator had dene 12 years earlier. In December 2000, HP celebrated
" the shipment of the 50 millionth L.aserJet printer.
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In the 1980s, with the emergence of the personal computer market,

" . owners of desktop computers wanted easy and direct access to their The HP LaserJet was the

printers. Other manufacturers were producing two types of impact +

printers—dot-matrix or daisy-wheel units, both of which were noisy. In :::;It:f first desktop laser
addition, dot-matrix printers had poor resolution, and dalsy- heels:

allowed only a limited number of fonts to be used. HP reallzed the f eld'was wide open for product
innovations.

HP had worked with Canon on laser printer technology as far back as the 1970s. This background, coupled
with HP's knowledge of inkjet technology, led to the introduction of the first LaserJet in March 1984. The

' new personal laser printer fit on a desktop and produced fast, letter-quality output with virtually no noise.

As the primary printer for a small business or company department, the LaserJet printer was ideal for
letterhead correspondence, memoranda, financial spreadsheets and other applications. It had high print
quality, could print horizontally or vertically in a variety of character fonts and could produce graphics. The
printer employed a digsposable print cartridge capable of printing about 3,000 pages, and the print speed
was 8 pages per minute. In addition, the LaserJet was virtually silent; office personnel could talk on the
telephone while sitting next to the laser printer as it produced documents.
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HP LaserJet - The Early History
Jim Hall

Introduction

Why write a LaserJet History? Over the past 15 yeass,
various books and asticles have given bits and pieces
of HP LaserJet history and dissected the reasons for
its market and business success. Most'** have been
reasonably accurate, while one was mostly inaccurate.
$till I don’t feel any of them gives the reader a
complete understanding of the facts behind HP
LaserJet’s success. My goal here is to try to give 2
complete, early (admittedly R&D centric) history*,
plus offer a few thoughts as to why LaserJet continues
to be successful after more than 25 years. As you will

see, many, many factors came together to develop the
remarkable LaserJet story.

Why should I be the one to write a LaserJet history?
Mostly because I was the R&D project/section
manager for HP's first laserprinter (HP 2680A)
during most of its development. After that I was R&D
section manager for all laser/Laseret products until
1989 and all Personal LaserJet products until 1995. So
I was in the middle of most of the history that follows.

_‘computtn and Printing in the Late 70’s and Early
0's

In the late 1970’s and early 1980°s computers and
computer printing was in the stone age compared to
today. Operating systems were rudimentary and
performance was often lacking. No wireless
connections or Internet. Graphics was crude or non-
existent and fonts were fixed in size and spacing.
WYSIWYQ (what-you-see-is-what-you get), color
and digital pictures were only dreams in minds of the
technically sophisticated. Almost all of what we take
for granted today with computers and printing was
still the stuff of scientific fiction.

In the mid-70’s mainframe computing was stasting to
fade and the minicomputer market (Digital
Equipment, HP, Data General) was exploding.
Minicomputers made it possible for even mid-sized
companies to finally own a computer. But computers
and computer printing remained centralized and
behind glass walls. Computer printers utilized impact
print technology which had poor print quality and was
extremely noisy. Laser xerographic printers costing
$500,000 or more had been introduced by IBM and

- Xerox for mainframe computers but there was nothing
comparable for the minicomputer market. There was

an opportunity for HP to offer a better printing

solution for our rapidly growing HP 3000
minicomputer line.

Then in 1981, IBM introduced their personal
computer and the world of computing began an even
more dramatic transformation. Having a computer
running “killer apps” like Lotus 1-2-3, WordPerfect
and MS Word on your very own desk was personally-
enabling in a way no one could imagine. But without
a printed page, a PC was a bit like a 2-legged stool,
something was missing. You could do wonderfully
creative work, but in the end, the job was not finished
until you could print your results onto a permanent
page. The only personal printing solutions available
were slow, noisy daisy wheel printers; slower thermal
pnntws requiring expensive, special paper or slow,
noisy dot matiix i?j*a’ct printers with poor print
quality. This proved to be an even greater printer
market opportunity for HP. ...

The HP Boise Division

In the fall of 1973, the Boise Division was established
with Ray Smélek as Division General Manager. The
original charter of the division was to design,
manufacture and market printers for HP
minicomputers (HP § 3000 HP 1000). In addition, the
division was mﬁbmiblt fqn' mnufacnmng the HP

7970 tape drive, ﬁlotﬁer WP siinicomputes petipheral.
At that time it was felt that tape drives were becoming

obsolete and there was no need to invest in developing
new ones. Therefore Boise Division could use the
revenue from the HP 7970 to fund the division but
focus all pew product development on printers, a
growing market and product needed for HP
computers. |

The fisst printer Boise Division put into production
was the tggsom line dot matsix printer, introduced
in 1974. Jts design and manufacturing rights had been
purchased from another company. It was a relatively
poor product so Boise Division immediately started
the design of a replacement printer (HP 2608A).

The Canon/HP Relationship

The Canon/HP relationship is a key part of LaserJet
history. The relationship between the two companies
started while HP was working with Yokogawa
Electric Works to form the YHP Division in Japan as
our entry into the Asian market. In the early 1960's,
Bill Hewlett met with various Japanese companies to
develop a better understanding of HP’s Japanese YHP



partner. In those meetings, Bill Hewlett became
friends with Dr. Takeshi Mitarai, the person who
resurrected Canon after WWII and became its first
post-WWII president. Both companies were high tech
and known for empowering young engineers to
quickly develop innovative produscts. In addition, Dr.
Mitarai was a medical doctor as was Bill Hewlett’s
father.

Several years later, in an interesting side story, when
Dr. Mitarai’s son (Hajime Mitarai) applied to Stanford
University to pursue a PhD in electrical engineering,
he was at first turned down. Dr. Mitarai told this to
YHP president Ken Sasaoka, who in tum phoned Bill
Hewlett to see if he could find out why. When
Hewlett inquired, the responsible Stanford dean
couldn’t understand why Hajime hadn’t been
admitted, and accepted him on the spot for the PhD
program. After obtaining his PhID, Hajime worked in

~ the US semiconductor industry for a couple of years
before retuming to Japan to head up Canon’s Central
Research Laboratory (CRL). Interestingly, Canon’s
CRI was where the Canon’s liter printer was
developed and “mothered” for several years before
finally becoming 2 successful commercial product line
within the company. . '

HP’s First Laser Printer - HP 2680A
(EPOC)

In the mid 1970’s Canon developed a prototype laser
printer based on their NP5000 45 page-per-minute
(ppm), dry toner copier and demonstrated it at the fall
1975 National Computer Conference (NCC). They
were hoping to find a partner to bring their technology
to market. At that time John Young was HP's
Executive VP for computer, instrument and
component groups and was at NCC. So when Canon
asked Bill Hewlett to look at their laser printer,
Hewlett had Young do just that. Young was intrigued
by the product and quickly involved Hewlett and Paul
Ely (Computer Group Manager). Ely contacted Ray
Smelek in Boise. After reviewing the product, they all
supported buying the technology from Canon.

Bill Hewlett put together a team to purchase the
technology. Do Hammond of HP Labs led the team.
Other members were John Chognard (HP General
Counsel), Jim Boyden (HP Labs) and Jim Bames
(Boise Division R&D Manager). After two or three
days in Japan, viewing the prototype and negotiating,
Hammond and team were able to wosk out an
agreement with Canon. This agreement, launching
HP into laser printing, was another example of Bill
Hewlett’s vision and willingness to gamble on new
technology and business opportunities.

Design of HP's first laser printer commenced with the
formation of a Boise Division R&D design team in
early 1976. I was the initial project manager. When
Ray Smelek and Jim Barnes interviewed me for the
job I told them I didn’t know anything about laser
printers (My background was in microwave
communications (13 years at OE) and instrumentation
(4 years at HP)). They said: “Don’t worry, no one else
in HP does ¢ither.” I was gratified and yet somewhat
intrigued when they hired me anyway.

Our project was code named EPOC (Electrophoto-
graphic Printer On Computer), a play on “epoch” or
new era of printing (It is traditional within HP to let
the R&D team pick the code name for their project.).
The actual product mode] number became the HP
2680A. Our vision (and the one that convinced
Hewlett and team to invest in the technology) was to
commercialize the Canon NP5000 copier based-
prototype by simply adding an HP print controller and
laser optics. However it tumed out this was only the
tig of the iceberg as far as the amougt of effort ahead
of us.

When we tested Canon’s prototyps in the summer of
1976 we found its MPBF (mean pages between
failures) was only around 250 printed pages. This was
¢clearly unacceptable for a computer peripheral. Even
if we improved the MPBF by a factor of 10 or even
100 it would still be too troublesome and expensive to
maintain. Past of the problem was that HP mostly
employed engineers to support our mini-computers
and peripherals. They were expensive ($100 per hour)
and mostly experts in computers, not the technologies
used in  laser printer (mechanics, high voltage
electrostatics and lasers).

Service wasn’t as big a problem for companies in the
copier business (like Canon) who employed less
expensive service technicians with their training
focused on copier technology. However it was sure to
be a compuiter-room stopper for HP or anyone trying
to support both computers and laser printers with the
same service staff. For a successful HP minicomputer
lasér printer, we felt we needed to achieve an MPBF
of at least 100,000 pages. This drive for reliability was
founded on business reality but also came naturally
from HP’s historical obsession with quality in our
instruments. Meeting our reliability goal required a
complete redesign of Canon’s prototype concept and
implementation of an extensive MPBF testing

program.

For EPOC design details, look at the HP Journals of
June and July 1982. The June issue includes a good
description of the laser printing process. Lase¢rJet
products were able to simplify some steps but the



basic process has remained the same. On-line copies
of these HP Journal articles can be found at:

http://www.bplhp.com/hpjournal/pdfs/IssuePDFs/198
2-06.pdf

http:/fwww.hplhp.convhpjournal/pdfs/TssuePDFs/198
2-07.pdf

R

When you read the HP Joumal articles, you will gain
some appreciation for the size and complexity of the
BPOC project. For example, the completed product
had some 10,000 parts. 3,500 of these were designed
specifically for EPOC. Not only did we have to
completely redesign Canon’s concept, we had to
conquer multiple technologi¢s and design new
solutions encompassing many dimensions of physics,
mechanics, electronics, computers, software and
systems. One particularly daunting challenge was the
printer controller/formatter which had to support
EPOC’s 45 ppm print speed. Jim Langley designed an
innovative “linked list” bit slice microprocessor
architecture and programming language that solved
this problem.

The HP Labs (Palo Alto) team and the HP 3000
(Cupertino) software division helped us a lot.
However most of the design responsibility for this
huge undertaking still resided with the young,
relatively inexperi¢nced group of engineers in Boise.
The whole design team rose to the challenge, driven
by a fear that either IBM or Xerox would scoop us
with a comparable product. Everyone was extremely

motivated and felt proud to be part of making a

breakthrough product like EPOC successful.

In early 1980, I became Boise Division R&D manager
and Bill Robison assumed responsibility for the EPOC
project. He successfully released EPOC to
manufacturing in late 1980 and on December 7, 1980,
after almost 4 years of development, we finally
introduced the HP 2680A Laser Printing System. It
was extremely reliable (many machines demonstrated
an MPBF approaching a million pages), fast at 45
ppm, had excellent print quality and supported
multiple type faces and complex graphics. It worked
seamlessly with the HP 3000 and included software
which allowed users to design their own custom fonts,
logos and electronic form overlays. Nothing on the
market came close to maiching the price/performance
or features of the HP 2680A. The only problem was
that it only worked with the HP 3000 minicomputer
and sold for almost as much ($120,000).

To give you a better feel for the HP 2680A’s place in
HP’s laser printer history, here’sawhat the Boise
Diviston marketing manager had to say about it on the
tenth anntversary of its market introduction (By this
time LaserJet had established a dominant worldwide
market position.): i

“Friday, December 7, 1990. Ten years ago
today, HP introduced its first laser printer, the
HP 2680A Laser Printing Syster. We had a
“pool” in marketing on how many we would sell
in that first month; the forecast was 75, actual
sales were Zero. We also sold zero in January
and in February. Finally in March we sold our
first unit to a company in Washington D.C. This
was the struggling beginning of the laser printer
revolution within HP. A sequence of events that
have lifted us to a leadership position in the
world. The HP 2680A, from this humble
beginning, is still part of our product fine. it has
becoms a cornerstone of many HP 3000 data
conters and the source of many innovative
ideas.”

So the HP2680A was a great technical achievement
and a solid product (It stayed in the HP product line
for 12 years and we sold approximately 1200 units)

. but it didn’t become the huge market success we had

hoped.

The revolutionary HP 2680A made many
contributions to our eventual LaserJet successes.

o During its development we established a
strong working relationship with Canon,
including Hajime Mitarai, Takashi Kitamura,
Junji Ichtkawa and several others who
became key members of the Canon



" capability, etc. could be sucoessful in building

management team during the early LaserJet
years and into the late ‘90s.

o We leamned about laser printer tcehnology
from the inside out.

¢ The EPOC controller/formatter taught us a
lot about controller design and printer
control languages. We leamed about the
gcssgn and use of high quality proportional
onts

o Weintemalized the value customers placed
on the ability to mix multiple fonts and
graphics on the same page.

In spite of being disappointed by the lack of early
market success with the HP 2680A, we (Boise
Division) were still convinced that laser printing was
the future for high speed, high quality printing.
However we also intemalized that only companies
" (like Canon) who could leverage their huge copier
investments, “know how™, patents, man! uz::nmnzhm
print engines. HP was just too far behind and lacked
the resources to realistically catch up. Therefore-our
“niext generation” strategy focused on buying a
smaller, lower cost, lower speed laser print cnane
_from one of the copier companies. This would give us
the right price/performance to match the needs of our
HP minicomputers (Remember this was the early ‘80s
and the PC market was in its infancy.).

Canon was easily our #1 choice to supply our next
generation printer. However the only print engine they
could offer was the LBP-10. The LBP-10 was 2 10
ppm, solid state laser, liquid toner print engine that
Canon had introduced in 1979. The price/performance
was acceptable, the reliability good but the liquid
toner was 2 killer. Paper coming out of the printer was
saturated with the liquid (which smelled like
kerosene) that carried the toner. Besides smelling bad
the liquid was flammable and Underwriter
Laboratories would not approve its use in a computer
room environment. (This seemed to be a strange
anomaly in the UL regulations. They allowed
flammable chemicals like kerosene in the office but
not in computer rooms!). I kept insisting that Canon
needed to come up with a “dry toner” print engine.
Canon kept insisting that HP should buy the LBP-10.
Finally it became obvious that we would have to use a
different engine supplier.

HP buys our Second Laser Print Engine
from Ricoh

During 1981 and early 1982 I traveled throughout
Japan in search of a suitable laser print engine we
could purchase. Finally I chose Ricoh, who had

Canon/HP relationship!

almost eompléted- development of a desktop 12 ppm
laser printer (engine and controller), as our supplier.

We named this HP project “Bonsai” which was the
smallest tree we could magine (Admittedly it's a bit
of a stretch, paper is made from trees, paper is what
comes out o? a printer). $ide note: The Ricoh folks
were upset when they heard the project name we had
chosen. Turns out that depending on how you
pronounce Bonsai, it can come out as the tree or the
cry “banzail” that had uapleasant WWII implications.
We intended the former but pronounced it like the
latter. After explanations, everything turmed out OK!
Another lesson for us in Japanese culture!

Mr, Kitantwura headed Canon’s Laser Beam Printer
Business Division at this time. Although his group
utilized much of Canon’s copier tectnology and

* know-how, it was a completely separate business from

copiers. He was devastated when I told him of HP’s

 decision to go with Ricoh. Ricoh was Canon’s largest -

Japanese copier competitor and our choice resulted in
a major loss of face for Canon. Mr. Kitamura railed
against HP’s decision all through dinner the night 1
told him, repeatedly telling me that HP would deeply
regret our decision. This was clearly & low pomt in the !

HP introduced the Bonsai laser printer (HP 2687A) in
1983. Although desktop and dramatically less
expensive, it medaoub to sull be too expensive

rehabxhty proved to b poor  The technology used in
the printer was just too ¢omplex to have a reasonable
chance of meeting our reliability goals or customer
expectations. So unfortunately, once again we didn’t
achieve any serious market success.

HP 2687A Deskiop Laser Printer

Printer Command Language {PCL)

By the early 1980s Boise Division had active projects
for a whole family of computer printers. These



included daisy wheel, serial dot matrix, line dot matrix
and laser printers. Each product tended to have its
own unique set of computer commands for printing.
This meant that each of the host computer systems
had to have different software to control each of the
multiple printers. As a result, the effort to provide the
necessary system software was growing
exponentially. Clearly, something had to be done.

Von Hansen (Formatter Project Manager) and his
team in Boise Division developed a uniform Printer
Command Language (PCL) for all our printer
products. The language needed to be scalable since at
on¢ end, simple products like our serial dot matrix
printers had a limited set of features while on the other
end, laser printers had a very broad set of features. For
that reason PCL. was developed to have a range of
capabilities. PCL 1 for the simplest printers, with
higher levels of PCL having greater capability for
printers with a wider range of printing features.

A key attribute of PCL. was that each higher level of
the language was a true superset of all lower levels.
For example if you sent out PCL.1 commands, all PCL
printers (PCL1, PCL2, PCLn) would successfully
print that information, just the way a PCL1] printer
would. You might not be able exercise some higher
level features but at least you could successfully print.
If you sent out PCL2 commands, all PCL2 and higher
printers would print your information just like a PCL2
printer and so forth,

This PCL approach allowed us to implement PCL2 in
Bonsai, then move to PCL3 for the first LaserJet, then
PCLA for LaserTet I, etc. System software developed
for Bonsai worked on all future LaserJets. Software
developed for the first LaserJet worked on all later
LaserJets and so forth. If you had a later generation
PCL printer and software for an earlier generation
PCL printer, you were still OK so long as you only
needed the older set of PCL features.

So PCL had three key strategic advantages for
Laser)et:

o It allowed us to grow the capability of PCL
in step with the decreasing cost of printer
memory and processing power. This let us to
keep costs low in the early days when
customers were happy with limited
functionality but to grow functionality as
semiconductor costs came down.

o It let HP spread out our PCL development
investment over multiple years allowing us
to add functionality one step at a time.

¢ It maintained customer sausfaetton with
computer software. For example, if a
customer got a new printer with PCL4
capability but had computer software
supporting only PCL3, he could still print
with all PCL3 features. Later when PCL4
software was available he could take
advantage of his new printer’s new features.
Customers really liked this “backward
compatibility” feature of PCL.

Bonsai was the first HP laser printer to use PCL. So
although Bonsai wasn’t very successful in the market,
it provided us the requirement and platform to develop
PCL2 and 300 dots per inch (dpi) font families (EPOC
was only 180dpi). We also developed print engine,
environmental and regulatory specifications for
Bonsai and utilized our experience from the HP
2680A to set goals and participate in print engine
testing and qualification, These added to the building
blocks at our disposal for the fast track LaserJet
product that followed!

B;ck -to Canon for our Third Laser Printer
Product

On April 7, 1983 Canon’s Mr. Kitamura came to
Boise and (finally) demonstrated their dry toner print
engine (CX). Not only did it use dry toner and a solid
state laser leveraged from the high volumes used in
CD players, but most importantly, it utilized the “all-
in-one” cartridge concept Canon had recently invented
and xmplemented for the fisst tinie in their desktop
personal copier (PC-20), introduced in 1982. The
concept was to package the printer toner with all the
other components that tended to wear out and require
service (¢.g. photocondustive drum, charging and
cleaning systems) in a customer replaceable cartridge.
Thus when the toner was depleted, the customer
plugged in a new cartridge and in effect had an almost
new printer. The cartridge tends to be called the “toner
cartridge” since the customers signal to change the
cartridge is when the tonér runs out. However this
name isn’t a good representation of the other major
engine components contained in a cartridge. For more
detail see the Canon video showing how laser printing
works with the “allsin-one” cartridge at:
http://www.canon.com/technology/canon tech/catego
ry/output.html#lp Click on: “Special features of
Canon products, All-in-one-cartridges”.

Canon sold the CX engine to several other companies
including Apple. We beat Apple to market with the
CX engine by almost a year and at a price much lower
than their product. Canon also sold the CX to a few
small companies but they didn’t have the volumes to
compete and quickly dropped out of the market. I



imagine Canon also offered the CX to IBM and
. maybe even Xerox but evidently neither of them was
interested.

Canon’s “all-in-one” toner cartridge was a
breakthrough concept, finally achieving “electronics
like” reliability with a simple, straightforward design.
In addition, since the CX print engine was largely
leveraged from Canon’s hugely successful, high
volume personal copier, the manufacturing cost was
relatively low. We were all tremendously excited
when we saw the printer. We felt we finally had the
product and partner we had wanted all along!

We chose Sprout as our project name for the first
LaserJet. t’s a “tree” smaller than a Bonsai? Of
course, just a Sprout!

Schedule and trade-offs

When Canon visited us in April 1983, they told us

~ they would be ready to begin mass production of the
CX engine by February 1984. We were determined to

-match Canon’s schedule for our HP product. This

meant we would have had only ten months to develop

~ a controller for the product. For that reason, we
elected to.use the controller Canon had already
developed for their CX based product.

PCL (again)

For the _print controller, there was much internal
g:nsum to just ¢mulate the Diablo 630 Daisy Wheel
ter (good text quality) or the Epson Dot Matrix
Printer (good graphics) for Sprout since both of those
products already had good software support across the
industry. However, based on our HP 2630A
experience, we knew business users wanted to print
mixed text and graphxcs For that reason we decided to
use HP PCL since it had that capability plus all the
other advantages mentioned earlier. So Von Hanson
and his team worked with Canon to specify and
implement PCL3 in their controller for Sprout.

PCL3 offered all the features early PC customers
could realistically utilize (especially since at that time
PCs lacked a graphical user interface) at a much lower
price than the much more complex page description
language (Postscript) chosen by Apple. By using our
already largely-developed PCL, we were able to
deliver LaserJet for a street price about $1,000 less
and almost a year before Apple’s CX based product.

Software support was critical to making PCL and
LaserJet successful. One opportunity came on an
airplane departing the Softcon computer software
show in New Orleans in February 1984, Von Hansen

and Roger Archibald “just happened” to be seated on
 the plane beside Bill Gates of Microsoft. They told
Gates about HP’s exciting new laser printer and how
it was the ideal output device for Microsoft products
like Word and Excel. We were never sure how much
this helped to get Microsoft suppost for LaserJet and
PCL but it surely didn’t hurt! How is THAT for
serendipity?

A few weeks later Von carried a LaserJet prototype to
Microsoft to solicit their software support. Initially the
Microsoft folks gave the HP team a rather cool
reception. But then Von took LaserJet out of its box
and printed some demo pages. This got the Microsoft
people really excited and they immediately called for
their managers to come look at the printer. From that
point forward, Microsoft tended to offer good
software support for LaserJet and other PCL products.

In addition to Microsoft, we worked with other major
independent software vendors (ISVs) to ensure -
excellent application software support for PCL.
_However during development of the first LaserJet we
“didn’t have enough resources to do much, Later, Janet -
‘Buschert in the lab and then Cathy Lyons in

* marketing led major efforts that dramatically grew
. PCL application software support.
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Fonts were a challenge for the first LaserJets.
Semiconductor memory was very expensive and
customer font requirements very fragmented. For
those reasons, we elected to offer a limited number of
“built-in” fonts and supply the rest in optional font
cartridges. This satisfied mainstream users, kept the
printer ¢ost low and still gave customers a way to
satisfy their special font requirements. Font cartridges
(and fonts) became another responsibility for Janet
Buschert. Through her efforts, this soon became a
major business in its own right with more than 25
different cartridges at prices ranging from $150 to
$330 each. It remained a good business for us into the
early ‘90s when Microsoft started bundling fonts with
their Windows operating system.

When Microsoft started bundling fonts with
Windows, they basically gave them away. This was a
huge advantage to HP in that it mostly solved our font
problem and made WYSIWYG much better by
ensuring matching screen and printer fonts.

Piggybacking on the Dealer Demos

Late in 1983 HP instigated a major push to participate
in the PC market. A key part of this strategy involved
development of a PC dealer channel to sell the new
HP 150 Touch Sereen PC (to be introduced in May
1984 along with LaserJet). The computer part of HP



had the management support, money, resources and
(hopefully) the PC to drive development of this
channel. As the PC market exploded, several
individuals associated with the LaserJet development
(Roger Archibald, Von Hansen and Alan Armstrong)
sensed that (just maybe) there could be a PC market
for LaserJet. So we begged the HP 150 marketing
folks to let us go along with them when they
demonstrated their product to the major PC dealers.
Finally they agreed to let us go with them to visita
few of the dealers but reserved the majority of time to
demo the HP 150 (e.g. I ~ 1.5 hougs) while letting us
have 10 or 15 minutes at the end to demonstrate
LaserJet.

HP LasetJet -

-

The dealer visits were a real eye opencr for Boise
Division. Typically the meeting started with dealer
upper management in attendance. As the HP 150
demonstration dragged on, most of the dealer
managers left and only a few subordinates stayed.
When the LaserJet demo started, a subordinate would
suddenly say “Wait a minute” and dash out of the
room. Soon they retumed with their managers to
watch the LaserJet demo. Needless to stay, all of the
dealers we visited wanted to carry the LaserJet in their
stores and thought it would be a good seller.

The HP PC Division still hesitated to let Boise
Division sell LaserJet through the dealer channel.
They thought it would defocus efforts to sell HP PCs.
But after repeated urging by Roger Archibald they
finally gave in at the last minute. Access to the PC
dealer channel proved to be & key contributor to
LaserJet’s market success. It quickly proved to be the
overwhelming vehicle for LaserJet sales.

Dealer visits plus the PC Division’s agreement to fet
us use “their” dealer channel, convinced those of us in
Boise Division that the LaserJet market was likely to
be much bigger than just that required for HP
minicomputers. This in tumn gave us the confidence to
forecast higher sales volumes when e priced the
product. Paul Ely (Dick Hackborn’s* boss) was the
person who bought into our sales volume vision and

gave the final OK to price the first LaserJet at an
aggressive $3,495.

‘When we began development of Sprout (spring 1983),
our market focus was still as a peripheral for HP
minicomputers. HP’s sales channel was largely direct
sales and we were just beginning to develop a dealer
channe]. In addition, we estimated the first LaserTet
would need to be priced at between $3,500 and
$4,000. This was about equal to what an IBM PC sold
for. PC sales were beginning to ramp up but we
guessed that few customers would be willing to pay so
much for a printer to go with their PC. We thought
1/2 or 1/3 of the cost of a PC was more likely what
customers would expect,

Of course our prediction of customer expectations
tumed out to be wrong. We discovered that business
customers were willing to pay much more for the
break through print capability Sprout offared than we
had imagined.

Because of our early focus on HPmivicomputers as
our market, the first LaserJet was designed with only a
serial interface. By the time we knew we could sell
through the dealer channel and that business PC -
customers might pay what a LaserJet would sell for, it
was too late to change the design and add a parallel
interface. We corrected this shortcoming in LaserJet+.

Naming LaserJet

In the natural ordér of things, the first LaserJet should
have been the HP 2686A. HP had always named our
products by their model number so why should this
product be different? Our Boise marketing people
heard that the first HP thermal inkjet printer was
going to be called “ThinkJet” (for “THermal INK
JET) so they said “That’s catchy. Why don’t we name
our product the “LaserJet”?” We 1ab engineers
thought this was a dumb idea. Our printer had a laser
but it certainly didn’t have a “JET>. Fortunately
marketing prevailed and LaserJet was born!

LaserJet Time to Market

We couldn’t have achieved the short schedule for
Sprout without our two earlier “failures.” With the HP
2680A we established a strong working relationship
with Canon. We also learned about the features
customers wanted, fonts and the technologies
involved in laser printing. With Bonsai we developed
300dpi laser fonts, implemented PCL2 and
determined that significant HP engine testing was
required to identify and cure failure modes. We had
also developed the engine, environmental and



regulatory specifications necessary for the product to
meet HP’s worldwide market requirements.

We wera determined to (and did) make the LaserTet’s
schedule match that of Canon’s print engine and
product. So it tumed out that we were the first
company to have a CX engine based product in the PC
dealer channel in the USA and Europe. Canon’s
product had some presence but it was small compared
to HP. Canon’s marketing strength was more with
copier dealers and not the newly emerging PC dealers.

Reliability

HP played a significant role with Canon in the test-
fail-fix process of product development. Canon
supplied HP with early prototypes and HP ran them
until they failed. Of course Canon ran a similar
process in parallel with HP. However we often found
 failure modes and usability problems Canon didn’t see
(or recogmze) in their testing. About 15% or 20% of
the failures found during the design process were
uhiqtie to HP’s testing. When problems were found,
fixes were incorporated in later prototypes. Then we
did more testing, failures and problems were analyzed
and more fixes incorporated. This process went on
throughout the development cycle. Together with
Canon we discovered that joint testing resulted in a
customer friendly product with superior reliability.

Not Everyone was a LaserJet Booster

There were forces working against LaserJet’s initial
(and longer term) success:

Limited resmlrces and time — In early 1982 Dick
Hackborm® recruited a new R&D manager for Boise
Division. The new manager changed our focus from
laser printing to an investigation of high speed thermal
ink jet 'TL)) printing. As a result, by the middle of
1983 Boise Division had 5 engineers working to
specify/qualify the Sprout engine and 15 engineers
working on high speed TIJ technology. This reflected
the feeling by much of upper management at this
point in time. They weren’t confident in LaserJet and
believed T1J had a good shot at replacing it in the
midrange and high end markets. That still hasn’t
happened, twenty-five years later.

Besides limited resources, we had less than ten
months between the time Canon showed us the CX
prototype and the date Canon would start production
of the print engine. In spite of limited support, we
were still able to match Canon’s engine schedule and
full LaserJet production began in February 1984.

Historically HP was a vertically integrated company.
Corporate culture tended to believe HP had to control
the technology used in our products. So from the
beginning, HP upper management was inclined to
discourage investment in laser printers based ona
purchased engine and there was certainly some logic
in that historical perspective. They were convinced the
engine supplier would eventually take the market
away from us with their own product using the same
angine. This belief was still alive even after LaserJet
was wildly successful and we had already sold several
million units.

For example I remember Dick Hackbom interacting
with us during a quarterly review when we were
demonstrating the LaserJet I prototype. I expressed
our excitement about the product and our belief that
its market potential was even greater than the first
LaserJet. We,also explained our short schedule and
need for additional resources to stay on track. Dick’s
response was something like: “It (LaserJet business)
[6ok¥OK now but don’t get used to it because it
won’t last.”” Everyone who heard this received it like a
dash of cold water. In spite of this, the project team
wasp’t deterred and if anything worked even harder to
make LaserJet Il 2 success.

Another example was around 1990 when HP’s CEO
told HP Labs they shouldn’t support LaserJet with
their research because it was probably not a
sustainable business.

Finally, in January 1984 Boise Division General
Manager Ray Smelek attended the annual HP general
managers meeting in Napa, Califomia. He told HP's
top leaders from around the world that Bois¢ Division
was seady to launch a remarkable product in four
months and we were convinced we could potentially
sell as many as fifty thousand a year. Ray was almost
laughed off the podium. Everyone in the room knew
HP Computer Group had never sold fifty thousand of
anything. Clearly hardly anyone in HP believed in
laser printing or LaserJet. Only Ray and a small group
of us in Boise Division kept the faith.

Successful LaserJet Market Introduction

We introduced the HP LaserJet on schedule at the
National Computer Conference (COMDEX) in May
1984. It was a huge success at that show with long
lines of attendees waiting to look at the LaserJet and
find out how they could buy one. In May we received
orders for about 1500 printers. December 1984 orders
were for almost 8,000 printers. We ended up shipping
230,000 over its life.



LaserJet Follow-On Products Offer “More
for Less”

It is with considerable pride that we can look at the
following list of follow-on LaserJets. Each built on
the success of the first LaserJet by continually
offering “more for less”, New product generations
offered more features and capability for less cost,
obsoleting the previous generation. This classic
business strategy was implemented to near perfection
with the early LaserJet products.

New capabilities are highlighted in Bold Iralics. In
general once a new capab:hty was incorporated into a
product, it was incorporated in all subsequent

products. For example LY I and all following
products had correct order (face down) output, LY IIP

and all following products had “No Ozone” print

PCL was continually enhanced from product

engines,
to product with higher levels of functionality. This

‘gave customers “prore” capability with each new -

product:

o LaserJet: 8 ppm, 300 dpi, $3,495, Spring
1984. Price reduced to $2,995, September
19885.

e LaserJet+: LaserJet with more formatting
features, memory, fonts and a Centronics

parallel interface. 8 ppm, 300 dpi, $3,995,
September 1985.

» Laserfet D+: LaserJet print engine and
formatter but with 2 paper trays, 8 ppm, 300
dpi, $4,995, Spring 1986.

o LaserJet II: Preceding LaserTets were
leveraged from the Canon PC-20 personal
copier. However LaserTet Il was designed
Jrom the ground up as a laser printer with
correct order paper output. (Correct order
means when you pick up the pages out of the
printer they are in the same order as in your
software file.) HP’s version had a unique HP
industrial design to differentiate it from
Canon’s version. PCL4 Lenguage with

_ improved features, more memory and fonts. 8
ppm, 300 dpi, $2,695, Spring 1987.

HP LaserJet Il

LaserJet IID: Same as LaserJet II except 2
paper trays and first desktop laser printer
with duplex (2 sided) printing. First LaserJet
with an HP designed and manufactured
Formatter. 8 ppm, 300 dpi, $4,295, Fall 1988.

LaserJet [IP: Worlds first “personal” laser
printer, “No Ogone” print engine. 4 ppm,
300 dpi, SI 495, Fall 1989.

LaserJet II: New version of LaserIet II
engine with PCLS, scalable fonts, REt
(Resolution Enhancement Techiiology),
HPGL and all new industrial design. REt
gave perfectly (to the eye) smooth characters
and graphics although the basic printer
resolution rémained 300 dpi. 8 ppm, 300 dpi,
$2,395, Spring 1990.

LaserTet IID: Same as LaserTet I with the

addition of 2 paper trays and lexpnnhng
8 ppm, 300 dpi, $4,995, Fall 19

LaserJet [1ISi: Higher speed, high duty
cycle, LAN connectivity with MIO. 17 ppm,
300 dpi, $5,495, Fall 1990

LaserJet [IP+: Higher performance, lower
price version of LaserJet IIP. 4 ppm, 300 dpi,
$1,249, Spring 1991.

LaserJet PostScript Cartridge ~ PostScript
printing for the LaserJet Il and LaserJet IP,
$695, Fall 1991

LaserJet 4: New Canon engine with 600 dpi
resolution and Microfine toner. Supports
Microsoft TrueType scalable fonts. 8 ppm,
600 dpi, $2,199, Fall 1992.

LaserJet 4Si: 600 dpi resolution. 17 ppm,
600 dpi, $3,749, Spring 1993.




o LaserJet 4L: New low cost print engine with
“Instant On” fusing. 4 ppm, 300 dpi, $1,229,

Spring 1993.

I could go on but I think by 1993 you can clearly see
the following “more for less” trends:

e Midrange (8 ppm) LaserJets — From the first
LaserJet to LaserJet 4, prices decreased from
$3,495 to $2,199 while both software and
hardware features increased dramatically.

o The LaserJet product line expanded to
encompass two new market segments:

¢ Personal (4 ppm) LaserJet ~

Prices as low as $1,249

Network (17 ppm) LaserJet

Higher speed and duty cycle,

network connected, priced almost

¢

as low as the original LaserJet but

_ with much, much greater
capability

LaserJet sales greatly expanded as we dioveE prices
down, performance up and entered new market
segments. We shipped 1 million LaserJets by 1988.

Sometime after the introduction of LaserJet I our

order processing system came to a halt. Orders for that

month had exceeded 99,999, the largest number
Computer Group’s order processing system would
accept! The computer glitch was fixed and orders
continued to climb. Total LaserJet sales had reached
100 million by 2006.

HP Printer Formatters/Controllers and
LaserJet lID

The printer formatter (or controller) translates
commands generated by the user’s software
application, describing what is to be printed, into the
dots the laser actually puts on the page. We designed
our own formatter for the HP 2680A, however the
lack of resources and short schedules made this
impractical for the next few laser products. For that
reason Canon designed aad manufactured the
controllers for all LaserJet products up to and
including LaserJet I,

By 1986 (LaserJet IT) it had become increasingly clear
that Canon’s control over formatter design was greatly
constraining HP’s ability to add new features (e.g.
higher levels of PCL, memory, processing power) at
the rate we desired. At that time Doug Carnahan was
Boise Division General Manager. He initiated a
program to overcome this shorteoming by having HP
design and manufacture all future LaserJet formatters.
This was a bold step in that our next product (LaserJet
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1ID) was scheduled to be released to manufacturing
only 18 months later. :

Fortunately LaserJet TID offered a relatively
entry point for HP designed and manufactured
controllers. Although the schedule was short, the IID
was projected to sell at only a few thousand per
month. This would allow HP to exercise and perfect
our design and manufacturing processes before we
took on very high volume products like the follow-on
LaserJet III.

The plan was that HP would manufacture controllers
in Boise then ship them to Canon in Japan where they
would be installed in the print engine to make a
complete product. Canon required that our formatters
have 99.97% reliability as delivered to their factory in
Japan. This was an extremely aggressive goal and
sometimes we wondered if they were just using itasa’
way to discourage us from supplying the formatters!

Doug Carnahan challenged Von Hansen and his team
to complete the project in 18 months. Von and team
took on the challenge even though the high
performance PCL4 graphics in LaserJet ID required a
new microprocessor plus a complex custom integrated
circuit (The first one ever designed by Boise
Division.). The formatter project was named 3A
(Version 3A of multiple potential hardware
architectures). To meet the schedule, Von's engineers
took extreme measures such as canceling family
vacations and in one case, a team member dropping
out of graduate school. Von managed the project in
the most organized fashion I've aver experienced.
Detailed progress was measured on a weekly basis
and resources reallocated as necessary to keep
everything on track. Von’s whole team pitched in and
gave the effort everything they had.

To meet Canon’s reliability goal Von implemented a
rigorous design review process plus a special form of
environmental testing that subjected the formatter to
temperatures ramped from ~50 to +100 degrees C and
then back to ~50 degrees over just a few minutes. The
formatter was operating during all this so any failure
could be detected and cormrected. This test process
proved extremely effective at exposing basic
semiconductor as well as circuit design flaws.

‘While Von’s team was scrambling to design the
formatter, a similar crash program was taking place in
manufacturing led by Steve Hager and his team. There
was no precedent within HP for a factory that could
manufacture printed circuits at the quality levels and
volumes required for 3A. Steve’s team did a tot of
intense, pioneering work and was finally able to meet
or beat all their manufacturing goals.



LaserJet [ID was the first LaserJet where we had to
integrate HP formatter development and
manufacturing with Canon’s engine development and
manufacturing. To match Canon’s aggressive engine
schedule we needed a new way to coordinate HP
R&D, manufacturing and marketing activities. So we
formed a Program Management Team (PMT). This
team was composed of one manager from each major
part of the program who was able to make decisions
for their group without normally having to consult a
higher authority. This helped maximize overall
coordination and shortened the schedule. The LIID
PMT approach proved to be so successful that we
adopted it for all future LaserJet programs.

Through the hard work of Von’s and Steve’s teams,
the LaserJet IID and 3A formatter programs were a
complete success. Our formatter matched Canon’s
engine schedule, we met all quality, cost and

- performance goals and LaserJet IID shipped on
schedule. From this point forward HP designed and
manufactured all formatters used in LaserJet products,
providing HP the following advantages:

. &vc HP more control over the timing and
implementation of key differentiating
features such as higher levels of PCL and
REt..

o Significantly increased HP’s added value and
resulting profit.

The Consumables Business

In the early LaserJet days we were focused on selling
printers. To do this, we felt we needed low cost toner
cartridges to make the printér “cost per page” as
conipetitive as possible. Canon did not agree with our
strategy. They tended to charge HP more for toner
cartridges than we thought prudent for selling printers.
Canon’s strategy was based on their years of
experience s¢lling copiers. They understood, much
better than we did, that the toner business was an
important part of the overall printer profit model.

It wasn’t until about 1990, after we had sold several
million LaserJets, that we formed an Operation (later

a Division) responsible for our consumables business.
From that point forward we put more emphasis on
making money on toner even if it made printers a bit
less competitive. The consumables group then
expanded their product line to include paper. Their
focus on making consumables a strong business for
HP became an important past of the LaserJet evolution
and overall business success.
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Competition

Remember the management worry that HP’s initial
LaserTet success was just a “flash in the pan” and our
business would evaporate as soon as Canon wanted to
take it away? Well in more than 25 years Canon
hasn’t taken the business away from HP. One reason
was that the LaserTet brand and market leadership was
so compmanding, that by the time Canon developed a
dealer channel, there was almost no way to catch up
with us. Another reason was that ongoing HP PCL
enhancements and software support meant Canon’s
products were alvays at least one step behind ours.
All this meant Canon could make more money selling
print engines to HP than fighting us in the
marketplace,

Actually the closest we ever came to losing significant
LaserTet market leadership was probably from
Lexmark. Lexmark was a spinoff from IBM in 1991
but kept the legal right to use the IBM logo fora -~
number of years. The Lexmark engineers had years of
experience in designing IBM copiers and had access
to IBM &opier technology and know-how. IBM had a
patent ¢ross license with Canon which was retained by
Lexmark for all patents issued prior to the spinoff
date. This meant Lexanark had access to many key
Canon patents mcludmg the “all in one” toner
cartridge. Lexmark engineers combined parts of an
earlier design with the Canon “all+in-one” toner
cartridge concept, made further improvements and
introduced a very competitive series of products. The
Lexnark products were well designed, had the IBM
logo and were a very serious competitive threat for a
number of years. An overview of Lexmark’s version
of the “All-In-One” cartridge can be seen at:
http://www.youtube.com/watch?v=PHxXmjzcAlo
Since Lexmark’s cartridge concept 1s similar to
Canon’s, the video is quite applicable to LaserJet.

Dick Hackborn's View

An excerpt from a mapuscript in the HP Company
Acchives based on a conversation with Dick Hackbom
in Print Unchained® page 164 gives his view of how
the LaserJet business evolved:

“By the early 19803, the Boise idaho team had
already gained a lot of experience in laser
printers based on their own minicomputer
system products. it was through their insight
that the huge potential of a desktop laser printer
was first recognized and subsequently turned
into an immensely successful new business for
HP. There was no backseat driving from me or
Bill Hewlett or any of the corporate executives in
Palo Alto. Boise set its own agenda with Canon,
negotiated its own contracts, jointly did product



definition with Canon, developed its own printer
controllers, planned its marketing strategy
(including distribution, a not uncontroversial
itam) and made the business happen.”

printing was the obvious technology
for the print speeds, duty cycles and
office environment required by our
customers. During this time, Thermal
Ink Jet was still too slow and had too
many other problems (e.g. water
fastness) to be viable. Being small

Summary - Key Factors Shaping the
LaserJet Business Success

Initial Business Success and largely invisible to upper
managenunt probably helped usin
o Timing ~ Canon: Reliable, low cost laser successfully pursuing our laser
engine with toner cartridge leveraged from printing vision.

Canon’s personal copier, availability of low

cost CD player solid state lasers; PC market Longer Term Business Success

explosion; HP: Development of a PC dealer
channel, HP Boise: PCL. language (low cost,
?::d performance, ‘just enough”

ctionality for the typical office user),
technology and processes leveraged from
carlier Iaser printer projects, ~ All these
pieces came together at Just the right time to

design the right quick, quiet, quality product
customers wanted for PC prumng

Strong Canon/HP rclanonshlp Starting with
Bill Hewlett and Dr. T. Mitarai and including
Hajime Mitarari and Don Hammond, T.
Kitamura and the HP engineers/managers
who interacted with Canon during HP2680A
development.

Canon culture — Many similarities with HP
culture (ethics, honesty, quality, innovation,
dedicated work foree, people focus, respect,
citizenship). This made for an ¢xcellent
working relationship.

o HP Organizational/Divisional Structure:

o Enabled/forced Boise Division to
purchase a very significant portion of
the LaserJet product. Although the
traditional HP business model
historically suggested vertical
integration, Boise Division had
neither the resources nor time to
design and manufacture our own print
engines. We had to purchase them
from an outside company.

o Boise Division was hungry fora
successful printer product. It is
unlikely that a division with a large,
successful business would have
gambled as much as we did on a new,
unproved technology like laser
printing. In our eyes, non-impact laser

¢ Canon/HP mutual dependence —In a

relatively short period, the HP LaserJet had
the brand recognition, market share and sales
channel allowing us to move higher product
volumes than anyone ¢lse. Canon would
have bad a hard time walking away from
such a high volume customer: At the same
time, Canon had by far the best laser print
technology, reliability and manufacturing
capability. HP could not have found another
partner with the ability to deliver such a

x?etmvc product (except for those very
periods when Canon fell behind).

Continued HP investment (PCL: improved
functionality, keep it a moving target),
formatter (controller) hardware, software
support, fonts, industrial design, innovative
features, reliability, usability and “time-to-
market.” Constantly striving to deliver “more
for less” and always keeping our product
development in st¢p with Canon’s engine
development (We ¢alled this “drinking from
the Canon fire hose.”)

Continued strong Canon investment in laser
engine technology and manufacturing,
driving engine costs down and performance
up. Major innovations such as “instant-on”
fusing, roller charging and transfer, 600 dpi
resolution, micro-fine toner.

The right business model at both HP and
Canon for a successful non-vertically
integrated business.
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HP LaserJet

From Wikipedia, the free encyclopedia

LaserJet as a brand name identifies the line of dry
electrophotographic (DEP) laser printers marketed
by the American computer-company Hewlett-
Packard (HP). The HP LaserJet was the world's first

desktop laser printer.[l]

Conteqts
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= 3.3 Model suffixes
4 Upgrading memory of older models
5 See also
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7 External links

The LaserJet 500 Plus (model 2686D) wgs -
the largest of the early LaserJet series.

3

Technology

HP LaserJet printers employ xerox electro-photographic laser-marking engines sourced from the
Japanese company Canon, Due to a very tight turnaround schedule on the first HP LaserJet, HP
elected to use the controller already developed by Canon for the CX engine in the first HP

LaserJet.[?]
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The first HP LaserJet and the first Apple LaserWriter used the | ;
same print engine, the Canon CX engine.m HP chose to use their 5 |
in-house developed Printer Control Language (PCL) as opposed to
Apple, which adopted the PostScript language, as developed by
Adobe Systems. The use of a less-ambitious and simpler Page
Description Language allowed HP to deliver its LaserJet to the
market about a year before Apple's CX based product, and for
$1000 less.[?] The sharing of an identical Canon engine in two Laser head from HP LaserJet
competing products continued with the HP LaserJet II/III and the

!
|

. . ) 5L printer
Apple LaserWriter II, which both used the Canon LBP-SX print ‘
engine.
"History
1980s | o

HP introduced the first laser printer for IBM compatible personal computers in May 1984 at the
National Computer Conference (COMDEX). It was a 300-dpi, 8 ppm printer that sold for $3,495
with the price reduced to $2,995 in September 1985 121 and featured an 8 MHz Motorola 68000
processor and could print in a variety of character fonts.[1 It was controlled using PCL3. Due to the
high cost of memory, the first LaserJet only had 128 kilobytes of memory, and a portion of that was
reserved for use by the controller.

The HP LasetJet printer had high print quality, could print horizontally or vertically, and produce
graphics.[” It was ideal for printing memos, letters, and spreadsheets. It was quiet compared to
other contemporary printers, so people could talk on the phone while sitting next to the HP LaserJet

printer as it was printing.[l]

The first LaserJet was a high-speed replacement for text-only daisy wheel impact printers and dot
matrix printers. By using control codes it was possible to change the printed text style using font
patterns stored in permanent ROM in the printer. Although unsupported by HP, because the
Laserjet used the same basic PCL language (PCL Level III) [3] spoken by HP's other printers it was
possible to use the Laserjet on HP 3000 multiuser systems.

The LaserJet Plus followed in September 1985, priced at US$3,995 12! 1t introduced "soft fonts",
treatments like bold and italic and other features including a parallel (Centronics) interface. It also
included 512 kilobytes of memory, which was just enough to print graphics at 300 dpi that covered
about 70% of the letter-size page area.
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In March 1986 HP introduced the LaserJet D+, which included the LaserJet print engine and
formatter but with 2 paper trays.[?! The original MSRP was $4,495.31 In 1986, desktop publishing
came to the world of IBM PCs and compatibles, after its origin on the Apple Macintosh and Apple
LaserWriter. The HP LaserJet family, along with Aldus PageMaker and Microsoft Windows, was
central to the PC-based solution and while the design was more plebeian than Apple's product, this
multi-vendor solution was available to a mass audience for the first time.

HP introduced the mass-market laser printer, the LaserJet series II, in March 1987. The HP LaserJet
IT was designed from the ground up as a laser printer with correct order page output as opposed to
being leveraged from the Canon PC-20 personal copier.m The HP LaserJet II used PCL4,
improved features, more memory and fonts for a market price of $2,695 12l

Also in March 1987, the LaserJet 2000 was launched. A high-end, networkable printer, the LaserJet
2000 offered a duty cycle of 70,000 pages per month and the standard 300- dp1 output, initially

| pI‘ICCd at $19 995. [citation needed]

The HP LaserJet IID ‘was released in the fall of 1988, It was the first désktop laser printer capable
of duplexing. (2] 1t was also the first HP LaserJet with an HP designed and manufactured
formatter.[?]

In September 1989, HP introduced the first "personal” version of the HP LaserJet printer series, the
LaserJet IIP. Priced at US$1,495 by HP, and half the size and price of its predecessor, the LaserJet
I1, it offered 300-dpi output and 4 ppm printing with PCL 4 enhancements such as support for
compressed bitmapped fonts and raster images. It was also the first no ozone print engine 12!
Retailers predicted a street price of $1000 or less, making it the world’s first sub-$1,000 laser
printer. The LaserJet IIP (and its very similar successor, the IIIP) were extremely reliable except for
scanner failures, diagnosable by the lack of the familiar "dentist drill" whine and a "52" error
displayed on the control panel; aftermarket replacement scanner assemblies remain readily
available to this day.

1990s

In March 1990 HP introduced the LaserJet III, priced at US$2,395, with two new features:
Resolution Enhancement technology (REt), which dramatically increased print quality, and HP
PCL 5.12) Thanks to PCL 5, text scaling became easy, and thus customers were no longer restricted
to 10- and 12-point type sizes. This had a dramatic effect on word processing software market.

The HP LaserJet [1ID was the same as the HP LaserJet III except it had 2 paper trays and duplex
printing. It sold for $4,995 in the fall of 1990.12]
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The first mass-market Ethernet network printer, the HP LaserJet I1ISi,
Priced at $5 495, it featured a high-speed, 17 ppm engine, SMB of
memory, 300-dpi output, Image REt and such paper handling
features as job stacking and optional duplex printing. The LaserJet
IIISi also was HP’s first printer to offer onboard Adobe PostScript
emulation as opposed to the font-cartridge solution offered on
earlier models.

In October 1992 HP introduced its first printer with 600-dpi output
and Microfine toner, the LaserJet 4, bringing publication-quality S
printing to the desktop for a cost of US$2,199. This model also HP LaserJet 4 series printer
introduced TrueType fonts to Laserjets; this ensured that the T
printer fonts exactly matched the fonts displayed on the computer screen. (TrueType fonts could
print on an original LaserJet Plus or later, but they would be printed as graphics, making the
~ printing slow and restricted to a limited page area or reduced resolution.)The HP LaserJet 4 hada -
_ new Canon engine to enable the 600dpi.[2] .

- S e

Instant on fusing was introduced with the HP LaserJet 4L in the spring of 1993. It included a new
Jlow cost print engine.[z] It sold for $1,229.

In April 1994 HP shipped its 10-millionth LaserJet printer.

In September 1994 HP introduced the Color LaserJet, the corporation's first color laser-printer. The
printer had an average cost per page of less than 10 cents. The Color LaserJet offered 2 ppm color
printing and 10 ppm for black text, SMB of memory, 45 built-in fonts, a 1,250-sheet paper tray and
enhanced PCL 5 with color. Priced at $7,295.

In March 1995 HP introduced the LaserJet 5 family of printers. They supported HP PCL 6, a
printer-language which gave noticeably faster output — especially with complex, graphics-intensive
documents. They also featured 600-dpi output with REt, and a 12 ppm engine. Prices started from
$1,629.

In 1996 HP introduced the network-ready LaserJet 5Si, a major revision and upgrade to the 3Si
(I1IS1) and 4Si, which had used the Canon NX engine. The 551, based on the Canon WX engine,
could thus provide 11"x17" printing at an unprecedented 24 pages per minute and at 600 dpi with
resolution enhancement. An internal duplexer enabled full-speed double-sided printing. Automatic
personality switching (between PCL and PostScript), a feature that first appeared on the 4SiMX,
was standard on the 5SSiMX. The 5Si series were true workhorses, but initial models were '
somewhat hobbled by a vulnerability to slightly low voltage (i.e. crashing if mains voltage was less
than 120 Volts) as well as a weak clutch in Tray 3 (thus resulting in paper jamming for Tray 3 as
well as the optional 2,000-sheet Tray 4), and also a weak solenoid in the manual feed tray (Tray 1).
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These paper-handling issues were easily dealt with. Many 5Si LaserJets remain in service today.

In 1997 HP introduced the HP LaserJet 4000 family of printers. They included features from the
HP LaserJet 5 plus higher resolution of 1200 dpi. These are mostly used in offices, and most
recently in people's homes mainly to replace the HP LaserJet 4/5 series if the user had them
previously. In 1999 HP released the HP LaserJet 4050 series, which was identical to the HP 4000
but with a faster formatter and an easily accessible paper-registration area (where the paper is
stopped, registered, and then advanced for printing; a flip-up cover here made clearing of this
component easier.) The 4000 series, as well as the 4050 and the 4100, used partly external
duplexers.

The world’s first mass-market all-in-one laser device, the HP LaserJet 3100, debuted in April 1998.
Users could print, fax, copy, and scan with a single appliance.

“In July 1998 HP shipped its 30-millionth LaserJet printer.

In February.1999 HP introduced the LaserJet 2100 printer.serieslci?ation needed| _ the world’s first
personal laser printers in their class to offer high-quality 1200x1200-dpi resolution without
significant performance loss. '

In the network laser-printer market, the 5Si series was succeeded by the 8000, and later by the 8100
and 8150. The 8000 brought 1200x 1200-dpi resolution, which was continued in the 8100 and 8150.
The 8100 and 8150 brought faster printing (32 pages per minute), but this speed was only realized
for single-sided (simplex) printing; double-sided printing remained at 24 pages per minute. These
models, which used the Canon WX engine, provided excellent durability and good maintainability.

2000s

In December 2000 HP shipped its 50-millionth LaserJet printer.[4]

In September 2001 HP entered the low-end laser printer market
with the introduction of the LaserJet 1000: the first sub-$250
LaserJet and the lowest-priced monochrome (black and white) HP
LaserJet printer to date. It offered 10 ppm, an HP Instant-on fuser,
600 dpi with HP REt boosting output effectively to 1200 dpi, a
2.5-cent cost per page, and a 7,000-page monthly duty cycle.

 HP LaserJet 1012, a low-end |
' personal laser printer ‘

In 2002, the 8150 was discontinued and was replaced by the 9000
series, which produced 50 pages per minute and used an internal
duplexer. Meanwhile, the 4100 was replaced by the 4200 (later
4250) and 4300 (later 4350), which brought speeds of up to 55 pages per minute.
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In 2003 HP shipped its 75-millionth LaserJet printer.

6/4/12 9:18 AM

In November 2003, HP entered the $24-billion copier market with the LaserJet 9055/9065/9085
MFPs(multifunction printers), a copier-based line of high-volume multifunction printers.

In 2006, total HP LaserJet sales had reached 100 million.[%!

As of 2007 HP has several lines of monochrome and color printers and multifunction products
(copy, scan, and/or fax included) that range from 20-55 ppm and range in price from $149 to

several thousand dollars.
Evolution of the LaserJet control panel

The 1992 LaserJet 4L marked the transition between a control
casual user. The 4L's predecessor, the IIIP, had an array of buttons
and a cryptic numerical LED” The 4L shipped with 4 LEDs, each
with an icon to indicate a different condition, and a single '
pushbutton whose purpose vatied depending on context (i.e. Hold
down during printing, the printer will cancel the job. Hold down
when off, the printer will power up and print a test page including
total number of pages printed. A short press would provide a form
feed or tell the printer to resume from a paper jam or out-of-paper
condition, The actual application of the button is far more intuitive
than any possible written description — basically, the button tells
the printer "Whatever you're doing now, do the next most logical
thing".). This interface is easier for new and casual users to
understand and use, but it is also much less powerful, as in any
case there is only one thing you can make the printer do, and until
you become familiar with the printer's behavior, you have to guess
what that one thing is, or else consult the manual.

A 41.'s four status LEDs will also light in unusual patterns to
indicate service requirements; for example, a lit error light and a lit
ready light would indicate a fuser problem (usually just needs to be
reseated — most 4. problems can be resolved by simply
disassembling the printer, cleaning it, then reassembling

it) leitation needed] This was much more cryptic than the
alphanumeric display of earlier models like the II/IID, III/IIID, IIP,
and IIIP, as it was impossible to determine the meaning of the
patterns of LEDs without comparing them against a manual (or

http://en.wikipedia.org/wiki/HP_Laserjet
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HP LaserJet 500 Plus Control
Panel: the original LaserJet
two-character display
pravides a wide range of
feedback, status, and error
messages

. HP LaserJet 4 Control Panel:
the two-character ready code
- "00" is a carryover from the
~original LaserJet display
shown above, but the display

' character descriptive

| messages (after the number

“and a space). Many options,
“such as font selection, paper

now features 16 alphanumeric
characters, allowing 13-
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having their meaning memorized, which some technicians exposed | size and tray selection, I/O
to them often might actually do, intentionally or not). Interestingly, | settings, and test prints are

the 4L used early light pipes, with surface-mounted LEDs on the also available at this control
control board on the left side of the printer, and plastic channels to panel through a menu system.

conduct light from the lit status LEDs to the top of the printer. The
LaserJet 4/4 Plus/4M/4M Plus retained an alphanumeric display,
and in fact upgraded from the LCD displays of earlier models by using a 16-character alphanumeric
dot-matrix vacuum fluorescent display. To this day, professional-grade LaserJets retain more
comprehensive displays.

Before the 4L, the control panel typically had buttons with names like Online, Menu, Shift,
Continue, Reset, +, -, and Form Feed. It also included status indicators like Online and Ready.
Users without a technical background, especially those who has not used a printer before the late
1990s, might not understand these indicators, or might think they are conflicting or ambiguous. It
“may not be intuitive to new users that a printer that is ready but offline does not print, and while
being able to take the printer off line (effectively disconnecting it from the computer) without
shutting it dowii can be very useful, this distinction may appedr as an extra complication to users
who want to casually use the printer merely as an information appliance.

When a Windows PC controls a LaserJet, the "Form Feed" button seldom does anything when
pressed. It has a small indicator light, and was usually used with very simple DOS programs that
did not eject the last page after sending data to the printer, though it could also be useful to print the
data in the printer's memory if a program failed in the middle of sending a page to be printed. (In
certain cases, this might be the only way to recover one's data in the event of a system crash that
occurred while printing.) The Form Feed button would print whatever was remaining in memory
and prepare the printer to accept any new data as the start of a new page. Note that for at least some
LaserJet models, notably the LaserJet 4| M][Plus], the printer must be switched off-line before the
Form Feed button will work. Most users of dot-matrix printers in the 1980s probably found the
Online and Form Feed functions obvious, as most dot-matrix printers had these buttons and they
worked similarly. The indicator on the Form Feed button illuminates when there is received data in
the printer's buffer; this makes it much easier to predict what will happen if the printer is put online
and a new job is sent to it, or if sending of a job in progress is resumed.

Also, the "Online" button is actually a toggle switch, such that if the printer is already online,
pressing Online makes the printer go offline and can be used to stop a runaway print job. Pressing
Shift-Reset will then reset the printer, clearing the remainder of the unwanted document from the
printer's memory, so that it will not continue to print it when brought back on line. (Before resetting
the printer, it is necessary to make the computer stop sending data for the print job to the printer, if
it hasn't already finished sending that job, through the computet's software. Otherwise, when the
printer is put back online, it will start receiving the job from somewhere in the middle, which will
likely cause the same runaway problem to recur.)
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With the advent of the HP LaserJet 4000 in 1997, the control panel was completely redesigned. The
Shift button, which might have been confusing, was gone. There |
was a Menu, an Item and a Value button. Each of these might be
clicked left of right. There was a Select button, a large green Go
button, and a small orange Cancel Job button. Configuration
through the control panel was easier and more intuitive: you
navigate in the menus with the Menu button. Then, you navigate
in the items within the menu with the Item button. To change an
item's value, you use the Value button which had - (decrease) and
+ (increase). You could use the Select button to select a particular
choice. Also the display was adapted too, it was a blue-backlit
two-line LCD display.

But by 1999 personal computers had embraced the Windows 95 ,
~era and miany of the original manual control buttons like Form | gp | acerfet 4000 Control
Eeed were no longer necessary, because the Windows 95 print- Panel. Notice the backlit LC-
spooler subsystem offered even simple Windows applications a e
much greater control over the printer than was available to DOS
applications, which had to each independently rebuild and re-
engineer basic printer management systems from scratch. This new
Windows-oriented interface was highly intuitive and obvious to the casual user, who needed little
familiarization with the printer to use it effectively.

display and the more intuitive
user interface. '

Raw, unformatted, text-only support still exists, but the professional LaserJet printers keep it
hidden away. Most professional LaserJet printers include a PCL menu where the number of copies,
the font style, portrait or landscape printing, and the number of lines-per-page can be defined.
These settings are ignored by graphical PCL/Postscript print drivers, and are only used for those
rare situations where a LaserJet is used to emulate a lineprinter.

Key innovations

Spring 1984 — First HP LaserJet

Fall 1991 — First HP Color LaserJet

Spring 1997 — First printer-based multifunction device
Spring 2006 — World’s smallest-footprint LaserJet
Summer 2011 — HP Extraordinary Colors

Industry firsts
w Spring 1984 — Personal laser printing
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= March 1991 — Ethernet network printing
® April 1993 — Web Jetadmin
= November 2005 — Universal Print Driver

Models

6/4/12 9:18 AM

The model numbers do not necessarily have anything to do with the order of product development
or the type of print-engine technology. For example, the LaserJet 1018 printer has newer, smaller,
and more energy-efficient technology than the LaserJet 4000. The 1018 also features USB while

the older 4000 does not.

Mono

» HP LaserJet Original Printer series -

HP LaserJet Printer (Marqh 1984)
HP LaserJet Plus Prinfer (November 1985)
HP LaserJet 500 Plus Printer (March 1986)

HP LaserJet II Printer series (March 1987)

HP Laserlet Series II Printer

HP LaserJet IID Printer (19881°])
HP LaserJet IIp Printer (1989)

HP LaserJet IIp Plus Printer (19890°])

HP LaserJet III Printer series {March 1990)

HP LaserJet III Printer (199051
HP LaserJet IIID Printer (1990[5))

HP LaserJet IIIp Printer (199111
HP LaserJet I1ISi Printer (March 1991)

HP LaserJet 4 Printer series

HP LaserJet 4 (October 1992) / 4M Printer series
HP LaserJet 4 Plus / 4M Plus Printer series

HP LaserJet 4L / mL Printer series

HP LaserJet 4p / mp Printer series

HP LaserJet 4Si Printer series

HP LaserJet 4v / mv Printer series (19941

HP LaserJet 5 Printer series

HP LaserJet 5/ m / n Printer series
HP LaserJet 5 (April 1996)
HP LaserJet SL Printer series

http: //en.wikipedia.org /wiki/HP_Laser]et
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= HP LaserJet 5p / mp Printer series
s HP LaserJet 5Si Printer series
m HP LaserJet 6 Printer series
m HP LaserJet 6L Printer series
w HP LaserJet 6L Pro Printer
= HP LaserJet 6p/mp Printer series
» HP LaserJet 1000 Printer series
HP LaserJet 1000 Printer (2001)
HP LaserJet 1005 Printer
HP LaserJet 1010 Printer series
HP LaserJet 1012 Printer
HP LaserJet 1015 Printer
HP LaserJet 1018 Printer _
- HP LaserJet 1020 Printer series S e
HP LaserJet 1022 Printer series
HP LaserJet*1100 Printer series -
HP LaserJet 1150 Printer
HP LaserJet 1160 Printer Series
HP LaserJet 1200 Printer series
HP LaserJet 1300 Printer series
HP LaserJet 1320 Printer series
HP LaserJet 2000 Printer series (March 1987)
s HP LaserJet 2000 Printer series
= HP LaserJet 2100 Printer series (February 1999)lcitation needed)

s HP LaserJet 2200 Printer series (2001)
» HP LaserJet 2300 Printer series
m HP LaserJet 2400 Printer series
HP LaserJet 3000 Printer series (2006)
s HP LaserJet 3100 Printer series
m HP LaserJet 3200 Printer series
HP LaserJet 4000 Printer series (1997)
HP LaserJet 4000 Printer series (1997)
HP LaserJet 4050 Printer series (1999)
HP LaserJet 4100 Printer series (2001)
HP LaserJet 4200 Printer series (2002)
HP LaserJet 4240n Printer
HP LaserJet 4250 Printer series
HP LaserJet 4300 Printer series
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s HP LaserJet 4350 Printer series
HP LaserJet 5000 Printer series

m HP LaserJet 5000 Printer series

s HP LaserJet 5100 Printer series

m HP LaserJet 5200 Printer series
HP LaserJet 8000 Printer series (1998)

m HP LaserJet 8000 Printer series

» HP LaserJet 8100 Printer series

s HP LaserJet 8150 Printer series
HP LaserJet 9000 Printer series (2002)

m HP LaserJet 9000 Printer series

s HP LaserJet 9040 Printer series

» HP LaserJet 9050 Printer series
‘HP LaserJet P2001 Printer series

s HP LaserJet P2015 Printer series

HP EaserJet P3000 Printer series (2006) e

s HP LaserJet Enterprise P3010 series (2009)

» HP LaserJet P4010 Printer series
m HP LaserJet P4500 Printer series
HPFaserJet-Companton the LaserJet Companion is a sheet-fed monochrome scanner that
connected to the parallel port of a LaserJet and provided copy functionality; as well as

software scanning and fax functions.

Color

HP Color LaserJet Original Printer series
m HP Color LaserJet (September 1994)
HP Color LaserJet CP4000 Printer series
m HP Color LaserJet CP4005 Printer series
HP Color LaserJet 5 Printer series
m HP Color LaserJet 5/5m Printer series
HP Color LaserJet 1000 Printer series
s HP Color LaserJet 1500 Printer series
m HP Color LaserJet 1600 Printer
HP Color LaserJet 2000 Printer series
s HP Color LaserJet 2500 Printer series
s HP Color LaserJet 2550 Printer series
s HP Color LaserJet 2600n Printer
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s HP Color LaserJet 2605 Printer series
» HP Color LaserJet 2700 Printer series
HP Color LaserJet 3000 Printer series
HP Color LaserJet 3000 Printer series
HP Color LaserJet 3500 Printer series
HP Color LaserJet 3550 Printer series
HP Color LaserJet 3600 Printer series (2004)
HP Color LaserJet 3700 Printer series
HP Color LaserJet 3800 Printer series
HP Color LaserJet 4000 Printer series
m HP Color LaserJet 4500 Printer series (1998)
a HP Color LaserJet 4550 Printer series
" = HP Color LaserJet 4600 Printer series |
= — u—HP Color LaserJet 4610n Printer " T
m HP Color LaserJet 4650 Printer series
m HP Color LaserJet 4700 Printér Series "
HP Color LaserJet 5000 Printer series '
~ = HP Color LaserJet 5500 Printer series
m HP Color LaserJet 5550 Printer series
HP Color LaserJet 8000 Printer series
a HP Color LaserJet 8500 Printer series
n HP Color LaserJet 8550 Printer series
HP Color LaserJet 9000 Printer series
s HP Color LaserJet 9500 Printer series

(Source: HP.com (http://www hp.com/) )

Model suffixes

Printers with factory-installed options have different model-numbers to denote the different options
included and to differentiate a specific model from others in its series. These suffixes include:

= D for a duplexer, enabling automatic double-sided printing.

» T for an additional paper-tray (enables two different paper types to be kept available, or in
certain models, to load paper while the printer is printing). (Some D models, with no T suffix,
had two trays built in, as did the LaserJet 500 Plus.)

» § for a Paper Stacker, a device which increases the output bin capacity.

» N for built-in, MIO or EIO slot JetDirect (network) card

m W for built-in wireless network card
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m H for High-capacity (heévy-duty model, sometimes combined with M to indicate Heavy
Media)
L for Light (only 1 paper tray)
P for Personal, meant for "personal or small workgroup” use
ph+ for Paper handling (e.g. Stapler-stacker), or S/SL for stapler/stacker.
M for Macintosh (PostScript module present); (sometimes?) also extra memory to support
PostScript (as in 4M/4M Plus)
V for 11-inch wide paper path, to support 8.5x11R and 11"x17" paper. (as in 4MV)
s X for combination duplexing, networkable printer with additional tray. Replaced the DTN
suffix.
= Example: A LaserJet 4000X would come with a duplexer and a built in JetDirect card, as
well as an extra paper tray.

Upgrading memoryof'older models e e

Many older LaserJets and other HP printers (including LaserJet 4+, 4MV ,"4MP, 4P, 5,5M, SMP,
5N, 5P, 5se, 5Si MOPIER, 58i, 5Si NX, 6MP, 6P, 6Pse, 6Pxi, C3100A; DesignJet 330, 350C, 700,
750C, 750C Plus; DeskJet: 1600C, 1600CM, 1600CN; and PaintJet XL.300).used proprietary 72-
pin HP SIMMSs for memory expansion. These are essentially industry-standard 72-bit SIMMs with
non-standard Presence Detect (PD) connections. One can often adapt a standard 72-pin SIMM of
appropriate capacity to support HP PD by soldering wires to pads, a simple task.[®] HP printers of
this type specify that RAM not faster than 70ns be used; this is probably due to a limitation of the
PD decoding, and faster RAM can actually be used so long as the PD encoding indicates a speed of
70ns or slower. All printers will work with FPM (Fast Page Mode) memory; many, but not all, will

work with EDO memory.m[g]

Even older models, such as the LaserJet IT, IID, III, IIID, and 4/4M (i.e. not 4 Plus), used
proprietary memory expansion boards. For example, the II and [ID models used a roughly 4"
square memory expansion board populated with DIP DRAM chips and a two-row header connector
(with pins on standard 0.1" centers).

See also

= Laser printer
s List of Hewlett-Packard products
s PC Load Letter
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