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Abstract

:

Here, a brief history of the development of the ballpoint/rollerball pen and the fountain pen is presented. Their principle of operation is analogous that of multipart microfluidics-type devices, where capillarity–gravity drives the ink, a complex fluid, to flow in the confinement of a micrometer-sized canal or to lubricate a ball rotating in a socket. The differences in the operational writing principles of the fountain pen versus the ballpoint/rollerball pen are discussed. The ballpoint/rollerball pen’s manner of writing was monitored using lens end fiber optics and was digitally recorded. The ball rotation rate per unit length was monitored using a piezoelectric disk oscilloscope technique. The role of ink (a complex fluid) chemistry in the wetting phenomenon is elucidated. We also discuss methods for studying and evaluating ink–film–ball–paper surface wetting. The goal of the proposed research is to optimize and improve the writing performance of the ballpoint/rollerball pen.
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1. Introduction


“Verba volant, scripta manent” (Calus Titus).



The development of writing changed the world and began a new era of civilization. Humans used spoken languages for a hundred thousand years before they were inspired to mark their ideas down and preserve knowledge for future civilizations. Handwriting devices, such as those used with clay tablets (tokens) and papyrus, were used to write symbols expressing verbal meaning [1]. These early devices included tools with a sharp triangular tip, reed-like pens, and pens made from a goose or swan feather. Before the current fountain pen design appeared, many people contributed to its development, including Aristotle (384–332 BC) and Leonardo da Vinci (1452–1519) [2]. Fountain pen lovers are usually hobby enthusiasts who enjoy pen writing and calligraphy. The price of a fountain pen with good writing performance is more than USD 100, much more expensive than the popular USD 1 ballpoint/rollerball pen. To evaluate the cost of the writing performance of fountain pens and ballpoint pens, the design and operating principles were investigated. Figure 1 depicts the main features of fountain pens and ballpoint pens.



The two handwriting devices’ operations are analogous to multipart microfluidics-type devices in which capillarity–gravity drives the ink, a complex fluid, to flow in the confinement of a micrometer-sized canal or to lubricate a ball rotating in a socket. They have a common feature: the delivery of ink through hydrostatic pressure. However, the ink delivery mechanisms for writing are very different: a nib with a slit versus a ball in a socket. The fountain pen’s ink–paper writing, i.e., the ink–cartridge–feeder–nib–slit and the air bubble capillary valve, were described by us in a recently published paper [3]. The fountain pen ink feeder (the unit between the ink cartridge and nib) has two canals: an ink canal and an air canal (see Figure 1A). During writing, the ink flows from the cartridge through the ink feeder canal to the nib slit. Once the holding air pressure builds up in the cartridge, the ink flow is reduced and stopped. To continue the ink flow while writing, the air holding pressure in the ink cartridge needs to be reduced. The air bubble has to move through the air flow canal in the ink cartridge. When the holding air pressure is reduced, the ink flows through the canal to the nib slit as writing continues. The process of the air bubble moving into the ink cartridge has to be regulated over time. If the air bubble is not moving regularly, the ink flow will stop. This could be one common reason that some fountain pens do not work well throughout their writing time, often resulting in ink spills or stains on the paper. Fountain pen writing performance depends on variations in temperature and pressure. The dynamics of the air bubble flow in the canal makes the fountain pen a complex device. Fritz studied the effect of fountain pen ink properties on the amount of ink used by fountain pens during handwriting [4]. She found that the ink wetness was highly dependent on surface tension. However, the ballpoint pen is a device that is somewhat less complex than the fountain pen. The ink flows from the ink tube to a tiny metal ball in a bearing socket. During writing, the ball in the socket rotates and is coated with ink. During writing, the ink from the ball’s surface wets the paper’s fibers, and an ink streak with a white patch (i.e., a region only partially covered with) in the middle appears (see Figure 1B), resulting in non-smooth ink writing. The writing with ink on paper depends on the physicochemical properties of the ink and paper as well as the speed of the pen [5].



The development of the ballpoint pen has a long history. The first patent was issued on 30 October 1888, to John Loud. The invention had leaks and caused smearing. Later, Brio and his brother improved on Loud’s invention and patented the invention (there were still problems with ink leakage, however). The invention was cheap and became popular in 1944. Baron Marcel Bich’s ballpoint pen invention solved the ink leakage issue, and he began manufacturing BIC ballpoint pens in Paris. Over the years, many technological improvements were made to achieve better ballpoint pen writing performance, including with respect to the ink viscosity, ball material, ball size, and ball surface properties, to improve the delivery of ink onto the paper. The ballpoint pen’s manner of writing and the rheology of the ink are different from those of the fountain pen. The ballpoint pen is less dependent on variations in atmospheric pressure when delivering ink onto paper, and is considerably less expensive than its counterpart, which has motivated consumers to prefer ballpoint pens to fountain pens. Therefore, the ballpoint/rollberball pen has become the most popular handwriting tool in the world. However, the ink, ink line smoothness, writing constancy, ball pressure, and ergonomics still need improvement.




2. Experimental Section


2.1. Monitoring Ballpoint Pen Writing Performance by Lens End Fiber Optics


To understand the ballpoint pen’s writing performance, ink–ball–paper writing was monitored. A lens end fiber optical device was designed. The fiber optics end lens connected to the computer was used to monitor ink–ball–paper transfer. Appendix A Video Clip 1 (Supplementary Materials) depicts the ballpoint ink writing dynamics. For confidentiality reasons, we do not disclose the brand of the ball and ink pen that we used. The video reveals details of the ballpoint pen’s writing. The ball in its socket is in contact with the ink in the cartridge. The ink’s molecular chemical composition helps ink wet the ball surface via adhesion, and the ball surface is coated with several micrometer-thick ink film. The ball ink film coating process occurs quickly. During writing, the ball rotates and the micron-thick ink film comes in contact with paper fibers. The ink film on the ball surface has to be homogeneous in thickness and not rupture before contact with the paper fiber. The ink film on the ball surface in contact with the paper fibers becomes unstable, and then breaks, forming an ink streak. The texture and the smoothness of the ink streak on the paper determine the ballpoint pen’s writing performance. The above discussion was based on a theoretical model of ballpoint pen writing. Appendix A Video Clip 1 reveals that the ink film coated on the ball appears to be nonhomogeneous in thickness, and the ink streak texture is also not smooth. Moreover, the middle of the streak has a white stain domain, with a region with much less ink (see Figure 1B). The ink–ball–paper fiber partial wettability is a possible explanation for the ink streak’s roughness (see Figure 2).



To improve the ink streak’s smoothness, the ink–ball–fiber wettability needs to be improved by adding the appropriate wetting agent into the ink composition. Making the ink wet both the metal ball’s surface and the chemically pretreated cellulose fiber is not an easy task, and it requires knowledge of the wetting dynamics. Ink–ball–fiber wetting is a dynamic process. The ball coating is governed by the dynamic contact angle and ink rheology. For the modeling of ink–ball–fiber wetting-coating dynamics, data about the capillary number (  C a  ) and Reynolds number (  R e  ) are needed. This will be discussed in the “Fundamentals” section.



The nature of the white stain domain in the ink streak is also related to the ink–paper wettability (see Figure 1B). Why is the ink so sparse there? The ballpoint pen’s writing is accomplished by the rotating ball coated with the ink film. The effect of the ball’s downward pressure on the ballpoint pen’s writing performance has to be considered as a factor. When the ball coated with the ink film makes contact with the paper, the ink film from the ball surface wets the surface of the paper fiber. The microphotograph presented in Figure 1B is cropped from the frames of Appendix A Video Clip 1, where the white stain domain appears during writing. A possible explanation is the ink film on the ball coming into contact with the breaks in the paper fiber, causing the ink stain domain to appear. The modeling of ballpoint pen writing quality requires the analysis of the stability of the curved asymmetric ink film in contact with two different phases (e.g., metal ball–paper) under writing pressure.



To view the mechanism of the ballpoint pen’s writing, video monitoring was conducted using a ballpoint pen with a small ball and low-viscosity ink (see Appendix B Video Clip 2). The video depicts the writing dynamics of a rollerball pen. The ball’s surface was well coated with ink film, and the ink streak on the paper was smooth, without speckles. A potential undesirable effect of writing is when the ink leaks around the ball and partially spills on the paper when the ball stops moving.



In addition to the fiber optic video monitoring of the ballpoint pen–ink writing dynamics, a piezoelectric disk transducer (PEDT) covered with a sheet of paper was used. Technical information about the PEDT was presented in our previous study [6]. The ballpoint pen–ink writing process was performed using a one-millimeter metal ball placed in a bearing socket. The upper part of the ball was in contact with the ink container. Ballpoint pen writing is a random rolling process comprising a normal ball–paper pressure stress, ball transition, ball rotation, ball–ink–paper adhesion, and ball friction (see Appendixs A and B Video Clips 1 and 2). To elucidate the role of these processes, the writing study was conducted over the PEDT covered with paper and connected to the oscilloscope.




2.2. Monitoring Ballpoint Writing Using a Piezoelectric Disk Transducer (PEDT)


Ballpoint pen writing requires normal stress, is a random rolling process, and is specific for each person. During writing, the ballpoint pen moves and rotates over the PEDT, and the local pressure stress varies with the ball’s position. The PEDT–oscilloscope technique is a sensitive device and is used to monitor the pressure variation in the rolling ball mechanical stress over the writing time. The photo of the experimental setup is presented in Figure 3: the PEDT is wired to the oscilloscope to monitor the ballpoint pen writing on the paper.



To test the PEDT response to monitor the ballpoint pen’s writing, the mechanical stress pressure of the free rolling ball on the paper was monitored. A polished clean steel metal ball with size of 1 cm was used. The metal ball weight (size) was chosen to mimic the normal pressure of a ballpoint pen during the handwriting process. Figure 4 depicts the PEDT–oscilloscope oscillatory pressure stress signal during the free downward roll of the metal ball over the paper on a 5–10° inclined transducer disk with a frequency of 190 Hz.



The test indicated that the PEDT oscilloscope technique was capable of monitoring the ball transition and rotation motion and is applicable for monitoring the writing process of ballpoint pens (i.e., the normal mechanical pressure stress variation of the ball, ball transition, ball rotation, and friction). Figure 5 depicts the ballpoint pen’s writing position over time in frequency. The ballpoint pen writing test was conducted with a 1.6 mm ball size. The normal mechanical pressure stress variation versus time was 450 ± 40 mV/per unit, the ballpoint pen position movement in frequency was 0.8 ± 0.15 Hz, and the velocity was 1.5 cm per 0.62 s. The calculation of the normal pressure variation of the ball in Pa units requires the assumption of the average ball–paper contact area during writing and needs modeling.



For visualization, the ball rotation rate section in frequency presented in Figure 5 is expanded and presented in Figure 6. Assuming no rotation slip, the estimated ball rotation frequency is 6.7 ± 0.5 Hz, and the ball rotation rate is 4.8 rev/s.



Observation also reveals that over the signal produced by the ball rotation rate is an oscillatory superposition signal-like noise with a small amplitude and a high frequency of several kHz. This is likely due to the friction of ball rotation in the socket. This requires further study.





3. Fundamentals


Improving ballpoint/rollerball pen writing performance requires an understanding of the phenomenon complexity and the governing factors: the dynamics of ball–complex fluid (ink) wetting, ball–ink film coating, and the coating–ball–ink film–paper fiber interactions. Ballpoint ink is a complex fluid and is made of a mixture of 25–40% dye or pigment suspended in a combination of oil and fatty acids, such as oleic acid acting as lubricant, allowing the ball to spin without tension. The oils include benzyl alcohol or phenoxyethanol [7]. Here, we first briefly discuss the concept of a simple fluid wetting a solid. To improve ballpoint writing performance, it is necessary to perform studies on the rheology of the ink and the wetting dynamics of the ink in ballpoint pens. The methodology to apply to improve the ballpoint writing performance is described below.



3.1. Classical Concept of Fluid-Wetted Solid


The classical concept of a fluid-wetted solid is based on the energy of wetting and is quantified by the three-phase contact angle (  θ  ) (see Figure 7).



When a simple fluid drop is placed on a smooth, energy-ideal solid (e.g., a sessile droplet), before it reaches its equilibrium shape and forms the macroscopic equilibrium three-phase contact angle, the droplet reduces its free energy by changing shape and three-phase contact angle due to the actions of the gravitational, capillary, and interfacial forces. Two types of contact angle are defined in the three-phase contact region: the macroscopic angle (the contact angle at the intersection of the extrapolated three interfaces, called the “Laplace contact angle”) and the microscopic angle (defined as the angle between the molecular self-layering film and the solid) [8]. To explain a simple liquid wetting a solid, two classical models have been proposed: the thermodynamic model, corresponding to the adsorbed layer/film macroscopic contact angle on the solid, and the hydrodynamic model, addressing the capillary dynamics in consideration of the dynamic contact angle.




3.2. Three-Phase Contact Angle Defined by the Force Balance Model


Here, a brief review of the classic wetting concept relating to the macroscopic contact angle is presented. Young [9] and Laplace [10] were among the first to propose the macroscopic three-phase contact angle concept based on the force model. The macroscopic three-phase contact angle equation was derived from a thermodynamic assumption. The virtual work of the minimization of the surface free energies per unit area (  γ  ) is based on three pure phases (solid, liquid, and gas), and the equilibrium macroscopic three-phase contact angle (    θ   e    ) when the relationship between the solid surface free energies of the three phases (solid, liquid, and gas (liquid vapor)) are taken into consideration. Young [9] proposed treating the three equilibrium pure phase contact angles of a droplet on a non-deformable, smooth, stress-free solid (ideal solid) surface as the result of the mechanical equilibrium between the three surface/interfacial energies and macroscopic contact angle (    θ   e    ) with the relationship:


    γ   s / g   −   γ   s / l   −   γ   g / l     cos  ⁡    θ   e     = 0  



(1)




where     γ   s / g    ,     γ   s / l    , and     γ   g / l     are the surface free energies (solid/gas, solid/liquid, and gas/liquid). This equation does not consider the role of the force operating along the three-phase contact line (known as the “line tension”). Dupre [11] introduced the reversible work of adhesion (    W   s / l    ) to separate the liquid from the ideal solid exposed to the liquid vapor with the relation:


    W   s / l   =   γ   s / g   +   γ   g / l   −   γ   s / l    



(2)







Equation (2) is a thermodynamic expression in which the reversible work of separating the liquid and the ideal solid is equal to the change in the free energy of the system. By combining Equations (1) and (2),     W   s / l     for the Young–Dupre equation of the adhesion free energy at the solid/liquid interface was obtained:


    W   s / l   =   γ   g / l   ( 1 +   cos  ⁡    θ   e     )  



(3)







The three-phase contact angle     θ   e     force model approach is good to evaluate the ink–solid–air equilibrium interaction energy and ink ball solid wettability, and is valid only for simple fluids. Ballpoint pen writing is a dynamic process and requires the application of the dynamic contact angle approach. The classical concept of a single fluid-wetted solid cannot be applied when modeling complex fluids, such as an ink film coating a solid (ball). The ink–ball–paper wetting dynamics is one of the essential factors in ballpoint pen writing performance.




3.3. Complex Molecular Fluid Wetting Solid via the Hydrodynamic Model


Hydrodynamic models for the wetting of a solid have been proposed by Huh and Scriven [12], Cox [8], Voinov [13], and Dussan [14]. In the thermodynamic model, the liquid film on a liquid-wetted solid is at equilibrium with the equilibrium macroscopic contact angle, and the fluid is considered to be a continuum. The hydrodynamic model proposed by Brochard-Wyart and De Gennes [15] considers the lubrication approach for the small macroscopic contact angle viscous energy dissipation in the bulk and neglects liquid–solid interaction at the molecular level.


    θ   d   (   θ   d   2   −   θ   e   2   ) = 6     ln  ⁡  (     x   max       x   min     )    ⁡  C a    



(4)




where   C a   is the capillary number,     x   m i n     is the molecular cut-off below which the continuum theory breaks down, and     x   m a x     is the macroscopic cut-off proportional to the radius of curvature of the meniscus. The ratio is the scaling parameter.



The molecular kinetic model proposed by Cherry and Holmes [16] considers the wetting process to be an activated rate process. The model assumes that the three-phase contact line (TPCL) moves between the successive positions of the equilibrium across the intervening activation energy barriers when the wetting liquid moves on a solid. The resulting differential equation for the time-dependent dynamic contact angle is as follows:


    d (   cos  ⁡    θ   t     )   d t   =   γ x y   μ V   (   cos  ⁡    θ   e     −   cos  ⁡    θ   t     )  



(5)




where     θ   t     is the time-dependent dynamic contact angle,   x   is the distance between the positions of equilibrium,   y   is the dimensions of the jumping unit in the direction parallel to the three-phase boundary,   V   is the displacement volume of the unit of flow, and   μ   is the viscosity. Although there are three unknown parameters, and the fitted     V   x y     value from the spreading of the polymer melt seems unreasonably large, this was the first attempt to theoretically model spreading dynamics. Blake et al. [17,18] proposed a molecular kinetic theory based on Eyring’s activated rate theory considering the adsorption and desorption dynamics of liquid molecules on solid surface near the TPCL.



The molecular kinetic theory can be applied to a wide range of equilibrium contact angles. However, for a small equilibrium contact angle, the prediction is not as good as that from the hydrodynamic model [19]. While the molecular kinetic theory shows the significance of the solid surface properties in dynamic wetting, it overlooks the effect of the shape of the liquid molecules, which is also important, as shown in this work and in the literature [20]. Molecular/complex fluids wetting solid driven by self-layering is discussed in detail in the work of Wu et al. [21] and Nikolov et al. [22].




3.4. Empirical Model


In addition to the theoretical models, there are also some empirical equations relating to the dynamic contact angle and capillary number. Newman [23] analyzed the rate of the penetration of polymer melt into the capillaries and proposed Equation (6) to correct the effect of the time-dependent dynamic contact angle.


    cos  ⁡    θ   t     =   cos  ⁡    θ   e     [ 1 − a   exp  ⁡  ( − c t )   ]  



(6)




where     θ   t     is the time-dependent dynamic contact angle, and   a   and   c   are the adjusting parameters.



Jiang et al. [24] correlated the experimental data of a liquid displacing air through a glass capillary. They proposed the relation between the dynamic contact angle and the capillary number when gravity and inertia can be neglected:


      cos  ⁡    θ   e     −   cos  ⁡    θ   d         cos  ⁡    θ   e     + 1   =   tanh  ⁡  ( 4.96 C   a   0.702   )    



(7)







Joos et al. [25] measured the dynamic advancing contact angle when a continuous solid strip was drawn into a large liquid pool and obtained the following empirical equation:


    cos  ⁡    θ   d     =   cos  ⁡    θ   e     − 2 ( 1 +   cos  ⁡    θ   e     ) C   a   1 / 2    



(8)







They incorporated this equation into the Lucas–Washburn equation, and found a good fit with the complex fluid of silicone oil wetting glass capillaries [26,27].



None of the models explicitly show how the dynamic contact angle depends on the velocity of the TPCL. Therefore, a better understanding of the physics of the dynamic contact angle is required. Recent studies [28,29,30] have shown that for wetting liquids, there is a molecularly thin film ahead of the moving TPCL. Molecular simulations [31,32] indicated that the formation of the film is faster than the movement of the TPCL. As a result, the droplet slides on the wetting film. Therefore, the contact line and contact angle between the droplet meniscus and the wetting film should be called the “apparent contact line” and the “apparent contact angle”. It was found that close to the surface, nano-suspensions such as ballpoint pen ink are self-layered [33,34,35] and even form inlayer structures under the film confinement [36,37]. The experimental setup—a differential reflected light microscope (DRLM) to study the complex fluid-wetted solid surface and create micrographs depicting the complex (nano-fluid) step-wetting layering phenomenon—is presented in Figure 8. The optical principles of operation of the DRLM are presented elsewhere [38,39].





4. Conclusions


Ballpoint pen writing is a random rolling process comprising a normal ball–paper pressure stress, ball transition, ball rotation, ball–ink–paper adhesion, and ball friction.



Observation reveals that the writing performance of the ballpoint/rollerball pens is not smooth, and the ink streak texture (see Figure 1B) has a white stain domain, indicating the need for ink-film-wetting optimization.



To improve the ballpoint pen’s writing performance, additional studies on the rheology of ink and the wetting dynamics of ink ballpoint pens are required.



The proposed solid wetting dynamic methods can be applied to optimize ink–film–ball–paper wetting.



Ballpoint pen ergonomics require optimization.
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Appendix A


Video Clip 1 description



Video Clip 1 depicts the writing dynamics of the ballpoint pen’s ink (the ball size is 1.6 mm). (For confidentiality, we do not include the commercial name of the pen, and the ink type is not discussed.) The ballpoint pen and the lens end fiber optics were attached to a holding stand to monitor the writing process. During the writing process, the ball rotates and is coated with the ink film. The ink on the ball’s surface wets the paper surface, and an ink streak forms. The video reveals details of the ballpoint pen’s writing process: the metal ball’s rotation rate, the quality of the ink–ball–film coating, and the ink streak on the paper. The texture and the smoothness of the ink streak on the paper determine the ballpoint pen’s writing performance. The ink film coated onto the metal ball appears to have a nonhomogeneous thickness, and so the ink streak texture is not smooth.




Appendix B


Video Clip 2 description



Video Clip 2 depicts the ballpoint pen ink writing process with a ball size of 0.5 mm. We used the same technique to monitor the writing process as used in Video Clip 1. (For confidentiality, we do not include the commercial name of the pen, and the ink type is not discussed.) The rotating ball’s surface is coated with a regular ink film with a thickness of several regular microns, and the ink streak on the paper is smooth without speckles. However, when the writing rate is reduced or stopped, an ink spill appears along the ball–paper contact region.
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Figure 1. Design and principles of the writing of a fountain pen (A) and a ballpoint pen (B). Lines from each device are shown in the close-up photos of the ink streaks on the paper beneath the pen images. 
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Figure 2. Microphotograph of the ink–paper streak speckled texture caused by the ink-fiber partial wettability. 
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Figure 3. Photo of the experimental setup: PEDT–oscilloscope and the signal produced by ballpoint pen ink writing on the paper attached to the piezoelectric transducer. (A) Oscilloscope, (B) piezo disk covered with paper, (C) USB with coaxial cable. 
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Figure 4. The PEDT–oscilloscope oscillatory pressure stress signal depicted during the free down roll of the metal ball over the paper on a 5–10° inclined transducer disk with a frequency of 190 Hz. 
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Figure 5. The signal produced by the ballpoint pen writing on paper attached to the PEDT oscilloscope, with a ball size of 1.6 mm. The oscillatory signal parts are marked as follows: the pressure stress variation, ball position variation, and ball rotation rate. 
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Figure 6. The expanded region of the ball rotation rate in frequency. 
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Figure 7. Classical concept of fluid-wetted solid. Surface free energies (    γ   s / g    : solid/gas,     γ   s / l    : solid/liquid, and     γ   g / l    : gas/liquid) and three-phase contact angle (  θ  ). 
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Figure 8. (A) Sketch of the optical arrangement: the differential reflected light microscope to monitor complex fluid film layer-wetted solid surface. (B) Microphotograph of aqueous silica suspension: volume fraction 0.40 and nano particle size 80 nm on the solid surface. (C) A cross-section sketch of the complex fluid film layer-wetted solid. 
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