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Abstract 

 

Tribological Characterization of Pharmaceutical Formulations 

Hyun Joo Lee, Masters of Science, 2017 

Thesis Directed by: Stephen W. Hoag, Ph.D., University of Maryland, School of 

Pharmacy 

 

Oral sensory perception has been extensively studied in the food and 

pharmaceutical industry. With the growing importance of pediatric formulations, there 

has been much interest in the texture of medications to increase patient acceptance. 

Texture is one of the first interactions during ingestion and key to our psychological 

impression of a product. Mouthfeel of medications is a major component for patient 

compliance as much as taste and aesthetics. We aim to develop the classical tribological 

method to understand the dynamics of our testing formulations consisting of viscosity 

and grittiness. Rheology and tribology are used to understand the texture of oral 

medications and their interaction with surfaces. The presence of particles greatly 

influenced the outcome of viscosity and coefficient of friction. Particles increased friction 

between surfaces at slower sliding speeds, but may also contribute to reduce rough 

surfaces and increase lubrication and coating during higher sliding speeds in the 

hydrodynamic regime.  
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Chapter 1: Introduction 

 There are many elements to an effective food and oral medication: ingredients, 

production methods and physiology that contribute to the overall experience of ingestion, 

and texture perception is a significant part of consumer acceptance for food, beverages 

and medications. One of many challenges is to mirror concepts about a sensory 

perception that is a natural, innate human ability to an in vitro method. Limitations arise 

as in vitro studies are system-related and rely on method procedures, synthetic testing 

conditions and the instrument. In recent years, there have been many developments to 

approach this complex concept of sensory perception and to narrow the gap between in 

vitro and in vivo, but finding an optimal method for specific type of food or medication is 

an ongoing process that needs improvement. There are not only the environmental 

conditions to consider, but the chemistry, physical state and the make-up of the testing 

products are largely influential to the interaction. As noted in many literatures including a 

review by Pradal and Stokes (Pradal C. 2016), there is a need for better characterization 

techniques to analyze oral surface interactions and sensory perception. Concepts related 

to friction and lubrication will become an important factor in these studies. Therefore, 

there are many reasons for the need to develop such methodology in in vitro to support 

our understanding of medications and food products. 

 In vivo studies are necessary to fully grasp the concept of in-mouth processing as 

we must consider the heterogeneity of sensations, experiences, background and the 

physiology of individuals (Chen J. 2012, Stieger M. 2013, Shakhnovich V. 2014, Huc D. 

2016). However, we always need to consider the ethical issues and necessary precautions 

when experimenting with novel products on humans, especially children, as their 
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immature physiology and cognition are much more difficult, constraint and intricate to 

examine than most adults. Because of these variations between people and possibility of 

side effects, a better methodology in in vitro is needed to standardize product 

development and maximize optimal effects. 

 There are many aspects when manufacturing medications to maintain compliance 

and consumer satisfaction, especially medications for children whose criteria are much 

more fastidious than most adults. If there is a bad taste, aroma, texture or appearance, it 

will greatly affect pediatric acceptance of a medication (Jacobs 2014, Venables R. 2015). 

The physical state of a product, such as solid capsule, tablet forms or liquids can have 

pros and cons in pediatric medications. There are some medications in which solid forms 

are advantageous because of stability and ease of administration through multi-particulate 

forms by mixing with other foods or drinks to conceal (Liu F. 2015). Even though there 

seems to be increasing interest in solid pediatric medications, it is difficult to ignore the 

advantages and the convenience of liquid forms. They provide the ease of manufacturing 

various dosages and their ingestion is almost painless, which is hard to overlook. This 

probably is why a lot pediatric medications on the market are still in the forms of liquids 

or suspensions. 

 From the past two decades, the Food and Drug Administration (FDA) have noted 

the need to improve on pediatric drug use and testing (CDER 2014). They have 

developed guidelines to highlight the importance of the need to improve on pediatric 

testing and formulation production. For certain medications, children are treated with 

drugs that are not developed specifically for them or they are given incorrect dosages of 

medications. This is especially important because children at different age groups require 
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slightly different conditions and dosages. This limited testing for children’s medications 

may lead to adverse effects and medicine that can be more toxic than healing (Allegaert 

K. 2014).  

 In this study, we focus on mouthfeel, in which texture contributes to much of this 

sensation. The concepts of rheology and tribology play a major role in understanding 

textural perception in in vitro studies. Studies from Prakash et al, Selway and Stokes, and 

many others have emphasized the importance of analyzing texture of products and oral 

processing (Vliet T. 2009, Prakash S. 2013, Selway N. 2013, Huc D. 2016). In order to 

comprehend this sensory perception, we use a rheometer as the main instrument in our 

study to measure the two major contributors of rheology and tribology: viscosity and 

coefficient of friction (COF). In this thesis, we attempt to develop a better approach in 

assessing and refining in vitro techniques to improve our understanding of oral liquid 

medications and patients’ experiences with texture during the processing of liquid 

materials. 

 

Oral Processing 

 Ingestion of food is a dynamic process involving many complicated steps. 

Processing and time duration vary from ingestion to mastication and to digestion (Chen J. 

2012). The mechanical characteristics like jaw movements, number of chews and muscle 

activities of the mouth contribute and change according to texture perception of various 

food structures such as with carrageenan gels (Çakir E. 2012). Much attention was given 

to digestion of food due to interest in areas such as flavor release and absorption of 

nutrients which are important to health, but less focus was given to the actual oral 
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processing of food. There have been many studies in the food and the pharmaceutical 

industry that have shifted interest to the characteristics of food and its relationship with 

the oral cavity during the eating process (Morell P. 2014). The initial in-take of food is an 

important aspect of human experience and involve psychological and physiological 

impact.  

Mouthfeel is an important component in understanding texture for consumer 

acceptance. The perception of mouthfeel starts with ingestion and ends with swallowing, 

which is a very short step, lasting only about 1.5 seconds for most liquid products. During 

this short period of time, the overall sensory perception can be evaluated as it is the first 

point of interaction. There are also alterations of ingested products in terms of size, shape, 

pH and consistency (Shakhnovich V. 2014). There are many components in the mouth 

that contributes to this experience. The mechanical characteristics during this process 

include force of stress exerted on teeth and sliding action between the tongue and the roof 

of the mouth, which all play a role in texture perception (Foegeding E.A. 2010, Koç H. 

2013). Saliva, a natural lubricant with mucin protein, interacts with the food and 

influences the overall lubrication process in the mouth. It significantly contributes to the 

viscosity and the frictional nature of foods (Chen J. 2012, Selway N. 2013). Due to the 

involvement of saliva, the original properties of the product may be very different once in 

the mouth, making oral processing through in vitro more complex, but an important area 

of study. The physical state of a product, whether it is a hard solid, gel or fluid, is a 

determinant of how it gets processed. For instance, liquid pharmaceutical formulations 

require very little mechanical processing and restricted duration in the mouth. This 

involves mixing and breaking down medication due to fluidity and softness (Morell P. 
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2014). The tongue is both a muscle for movement and a sensory tissue, which is an 

important element for mouthfeel. The main surface interactions in our study are between 

the tongue and the palate. The physical movement of the tongue and the palate prepares 

food to be swallowed and senses taste and texture, which ultimately all relates to our 

assessment of a product (Chen J. 2009, Pascua Y. 2013). 

The physical characteristics of food products, meaning particle size, shape and 

arrangement, all affect texture (Koç H. 2013). Here, we focus on the physical state of 

liquids, both thick and thin, smooth and rough. Unlike solids, oral processing for liquids 

mostly involves transportation. Diversity of liquids or soft foods may exhibit similar or 

very different experience. For instance, the rheology of the liquid formulations containing 

particles with different sizes and shapes and other interacting molecules will intermix 

with the environment in the oral cavity containing saliva, rough texture of the tongue and 

the mechanical properties of the mouth (Pradal C. 2016). Even liquids with almost the 

same thickness consistency may show different rheological properties. Therefore, 

ingredients and other participating molecules that make up a formulation significantly 

necessitates a product design that is both palatable and suitable for its use.  

The properties of liquids and surface interactions involving the rough surface of 

the tongue and the soft texture of the palate, are important elements to keep in mind when 

considering the dynamics of textural perception. There are techniques to observe the 

physical event of oral processing from mouth to the pharynx through ultrasounds and 

video fluorography (Morell P. 2014). These types of studies are important and provide 

evidence of in-mouth processing, but the main caveat is that we need to consider the 

physiological differences between people, so the results from these observations can be 
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very individualized. Therefore, we need to maximize refining and standardizing 

production through in vitro to accommodate the differences between people. This is 

where the idea of “soft-tribology” will play a major role in our study of liquid 

formulations. It will allow us to understand the properties of soft foods and liquids and 

their impact on oral sensation. Concepts of lubrication, friction and wearing of surfaces in 

motion will help present the important contribution soft tribology has on studies of 

textural perception. 

 

Pediatric Medications 

 The variable stages of development in children make understanding and 

evaluation of their perception for medications difficult, possibly more so than adults. The 

different maturation stages and the overall physical differences require more attention 

and care. For instance, infants have slower absorption rates, slower rate of conversion of 

pro drugs, slow to develop understanding of different forms of taste and the timing to 

which bolus is formed for swallowing are different between developmental stages as well 

as with adults (Koning B.A.E. 2014). As pediatric testing of medications is a very 

complex study, most testing trials begin at later phases of clinical studies after testing 

with adult patients and analyzing the results (Pöllinger N. 2014). This is a safe approach 

for pediatric clinical testing. Considerations to transfer adult dosage and forms to 

children’s acceptability and criteria, or even re-produce to directly relate to pediatric 

medicine should be noted, but are not always considered in some cases which is a 

problem (Allegaert K. 2014, Pöllinger N. 2014). 



 7 

There are advantages to using the form of semi-fluids or liquid formulations, 

particularly for children. Jacobs (Jacobs 2014) describes how using solid or tablet forms 

can lead to choking, irritation and obstruction of the upper airways if not properly 

administered. The ease of swallowing and the convenience of liquid formulations make it 

ideal for children and for adults. There are different types of oral liquid formulations 

depending on the age and developmental stages of children. For certain age groups, syrup 

consistency is preferred and at other ages suspensions can be administered. However, 

tablets, powders and capsules for adults usually cannot be considered acceptable for 

children (Pöllinger N. 2014). Thin films with small particles and less excipients are 

considered advantageous for pediatric formulations because small particles cover a larger 

surface area for faster drug release, are dispersed in the mouth very quickly, and thin 

liquids are difficult to spit out (Frey C.R. 2014, Patel V.F. 2014, Pöllinger N. 2014). 

These factors needed for pediatric medications add another layer of complexity for 

clinical testing. It is necessary to develop testing procedures specific to children and 

differentiated from adults.  

A study conducted by Venables et al. (Venables R. 2015), shows a clinical survey 

with children of varying age groups and their perception of different physical forms of 

medications including liquids, capsules and powders. Their results demonstrate 

personalized preferences in children, so laboratory experiments are vital to obtain 

scientific evidence of what is an appropriate form of administration for children. 

Understanding this idea, our study in texture perception in vitro will be an important 

element to develop better testing methods and drug design. 
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In Vivo Studies of Perception 

 In vivo clinical studies on humans for food and drug testing is a necessary step 

that aids validation to products and consumer acceptance. Some studies involve actual 

physiological testing, but sensory perception usually involves direct descriptive, 

quantitative responses from participants. As expected, most clinical trials involve 

participants tasting the product to give an assessment of their perception. Koç et al. (Koç 

H. 2013) mentions several research including, Temporal Dominance of Sensations (TDS) 

for textural perception. Participants select a prominent sensation out of a list of 

predetermined sensations based on their preference and evaluate the specific sensation 

over time. This is a descriptive and somewhat subjective approach to capture the dynamic 

perception of texture by giving scores based on intensity during the mastication process 

(Koç H. 2013, Stokes J.R. 2013). There are also different ways of evaluating these types 

of studies, such as simply ranking and scaling based on preference.  

For younger participants who have limited expressions are more difficult and 

restricted in testing parameters. The reason is not only related to limitations in 

communication and comprehension, but the anatomical and the neurological stages differ 

from adults and within different age groups of children (Greig G. 2014). For instance, as 

children advance, their perception of taste become more sophisticated. Some taste 

perceptions are inherently acquired over time, such as sweetness and fattiness from early 

stages of newborns breastfeeding. In addition, their cognition through maturation, culture 

and other background experiences fixates their understanding of more complex taste and 

textures of foods (Shakhnovich V. 2014). ASTM International lists some guidelines on 

how to evaluate pediatric medications and suggests requirements for more planning and 
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taking caution before initiating clinical tests on children. Some factors to consider when 

testing for pediatric medications include, involving a caregiver, video-taping the 

procedure, using hedonic scales and conducting short testing times less than 15 minutes 

(International 2012). Venables et al. (Venables R. 2015) performed a semi-structured 

interview, where a researcher directly interviews children for their preference of the type 

of medications given. This approach of clinical testing is considered better than paper 

based surveys because they are able to revise questions on the spot based on their subject 

(Venables R. 2015). Another testing method that is commonly used is Physiologically 

Based Pharmacokinetic (PBPK) model. This is a population based model that considers 

the diversity between adults and children, age, ethnicity and physical differences such as 

drug clearance process. This method is advantageous for predicting pediatric 

pharmacokinetics, determining right doses for different age groups, and considered a 

preferred method for in vivo studies on children (Greig G. 2014, Koning B.A.E. 2014). 

Although these clinical studies provide necessary information, there are 

limitations such as, adverse complications, individuals’ physiological differences and 

personal preferences. These factors may lead to poor reproducibility and reliability to 

standardize the results. This again brings forth the need for better testing on oral 

sensations in an in vitro setting, where we are able to control and generalize parameters, 

whereas clinical studies can be unpredictable, especially when considering both physical 

anatomy and psychology of humans. 
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In Vitro Studies on Perceptions 

 Many in vitro methods concerned with texture perception use concepts of 

rheology and tribology to measure viscosity and coefficient of friction (COF). It is a vital 

tool for food and drug design as we can learn more about the physical and the 

organoleptic factors of products and their interaction with surfaces. 

There are various instruments and approaches to understand the texture of 

formulations. Texture Profile Analysis (TPA) is considered one of the important 

developments in the food texture studies. It aims to measure the textural contexts of 

mostly solids and semi-solids. A set of forces are applied to an extent that does not 

disrupt the structural formation of the testing food product. Applied force with 

displacement of food is measured, which reflects the product’s ability to resist 

deformation from stress exerted by force (Chen J. 2012). By looking at the resistance, we 

can characterize products based on different textures, such as hardness, springiness and 

adhesiveness. A Mounted Tribological Device (MTD) with a ball-on-three-plates set up, 

uses a spherical geometry with three motile plates that moves in various directions. It 

measures friction with sliding speed. The advantage of using such rheometer is the ability 

to modify surface material for the ball and three plates, but a disadvantage is the uneven 

distribution of sample onto the plates which may lead to inaccuracy in measurements of 

friction (Prakash S. 2013).  

Different methodologies can be used to test samples based on their physical state; 

solid, soft or hard foods, liquids, or fluids with particles. Koç et al. (Koç H. 2013) 

categorizes different components in samples that could contribute to various textural 

attributes and gives details on the specific mechanical methodologies that can be used for 
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certain type of products. For example, thin and thick fluids, and semi-solids fall under the 

same mechanical characteristics of rheology with oral processing involving the tongue 

(Koç H. 2013). Some other devices that measure texture include, Mechatronic Chewing 

Device to observe textural modifications during mastication by mimicking the human 

chewing actions. Artificial Masticatory Advanced Machine (AM2) looks at the food 

bolus formation by simulating mastication and controlling the eating process, such as 

number of masticatory cycles and duration of mastication (Morell P. 2014). These 

instruments are best studied for solid foods as the purpose is to look at the chewing and 

the breaking down processes of food, in which liquids and suspensions require a very 

short duration with limited processing. Processing of liquids involve mostly the tongue 

and the palate interactions. There is less involvement of teeth during liquid mastication. 

Morell et al. (Morell P. 2014) introduces models to study in vivo tongue functions 

including deformation of the tongue and food as well as interaction between the tongue 

and the palate. This is achieved by using an artificial silicone rubber tongue and an 

aluminum plate as the palate and see the ability of compression between two surfaces 

(Morell P. 2014).  

Currently, there is an increasing use of rotational rheometer for “triborheometrical” 

experiments. This allows rheology and tribology to be studied on the same instrument 

(Clasen C. 2013). The sophistication of the DHR-2 Rheometer in our study is a form of a 

triborheometer. It has the ability to exchange geometries and materials that can be 

inserted to test different conditions and scenarios of oral processing. These types of 

instruments are good indicators of textural perception, but the biggest obstacle may be 
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determining the right combination of testing materials and variables of the instrument to 

represent the desired, natural environment of the human oral cavity. 

 

Rheology 

Introduction to Shear Stress and Shear Rate 

 The perception of texture occurs right from the beginning of ingestion, where we 

take the first bite or sip of a product. The rheological properties of food, whether it is 

brittle, hard or soft can be felt through this “first bite” (Chen J. 2009). Rheology defines 

the characteristics of materials such semi-solids or fluids. It is primarily the study of 

deformation and flow of materials and a material deformation occurs during the process 

of mastication and swallowing. The main variables contributing to the rheological 

measurements are shear stress, shear rate and viscosity. Fig. 1 illustrates their overall 

relationship as recorded in the rheometer. Shear rate is generated by the velocity of the 

rotating geometry head of the rheometer. We can visualize our testing liquid as a block 

made of several layers (Fig. 2). A force of stress is applied that causes the very top layer 

of the liquid to be displaced with the adjacent layer following behind. This is the effect of 

shearing. The top layer of the liquid has the highest velocity and layers beneath will have 

subsequently slower velocities with the bottom most layer almost stationary. As shear 

stress is applied that moves in a parallel direction to the flowing fluid, the magnitude of a 

resistance force is created which depends on the viscosity of our liquid (US INK 1995). 

This resistance moves in the opposite direction of stress to oppose its effects. 
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Figure 1 Glycerin as an example of shear rate vs. stress recorded by the DHR-2 Rheometer. Shear rate increases from 

0-30 𝑠−1and decreases back down to 0 𝑠−1. The Newtonian behavior of glycerin shows no difference during increasing 

and decreasing shear rates. 

 Although it is difficult to estimate one single aspect of shear rate or stress to 

determine the overall property of the testing formulations, generally there are certain 

shear rates to focus on depending on the thickness of liquids. For instance, shear rates 

around 10 𝑠−1 is observed for very viscous liquids and shear rates near 1000 𝑠−1 for thin 

liquids (Chen J. 2012). There are two equations representing the relationship between 

shear stress and shear rate and their values are used to characterize liquids (Eq. 1a; Eq. 

1b). To elaborate on the two equations, Fig. 2 illustrates the deformation of liquids as 

force is applied in the form of stress. 

𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑠𝑠 =
𝐹𝑜𝑟𝑐𝑒 (𝑁𝑒𝑤𝑡𝑜𝑛)

𝐴𝑟𝑒𝑎 (𝑚2)
 (Pa)       Eq. 1a 

 

𝑆ℎ𝑒𝑎𝑟 𝑅𝑎𝑡𝑒 =  
𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
( 1 𝑠⁄ )       Eq. 1b 

 



 14 

 

Figure 2 Illustration showing deformation of formulations during shearing as stress in a form of force is applied. 

Distance is measured from bottom to top. Area indicates the surface layer of a formulation. As force is applied, only 

the top layer moves and subsequent layers follows at a slower speed. Velocity is the movement of each layer as 

shearing occurs. The rheometer measures only the top layer. 

 

Newtonian and Non-Newtonian Liquids 

 The relationship between shear stress and shear rate, as mentioned previously, 

directly determines the viscosity of liquids (Eq. 2). The viscosity measurements obtained 

from rheology help define the characteristics of liquids including the thickness of film 

formation to lubricate surfaces in contact. 

𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 =  
𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑠𝑠

𝑆ℎ𝑒𝑎𝑟 𝑅𝑎𝑡𝑒
          Eq. 2 

 

 Liquids can be categorized into two broad types, Newtonian and non-Newtonian 

(Kramer A. 1973, US INK 1995). A Newtonian fluid shows a linear relationship between 

shear stress and shear rate, thereby viscosity remains constant and independent of 

changes in shearing rate and stress (Fig. 1). A non-Newtonian fluid does not have a 

constant relationship between shear stress and shear rate, so viscosity becomes dependent 

on the changes in shear stress and shear rate. Most commercial products are non-

Newtonian, including thick gel-like substances and ranitidine suspensions in our study 

(Laiho S. 2017). Non-Newtonian fluids can be further divided into types of fluids with 
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distinct characteristics. Pseudo-plastic is where viscosity increases with decreasing shear 

rate, also called a shear thinning process. Examples of pseudo-plastic fluids are emulsions 

and dispersions. Dilatant fluids are another type of non-Newtonian fluids, where viscosity 

increases with increasing shear rate, also called shear thickening system. Some examples 

include corn starch and small particles or dispersions. Thixotropic fluids are also non-

Newtonian. They exhibit changes in viscosity with time. From the rheological 

measurements, as shown in Fig.1, we can observe if there is hysteresis in the liquid due to 

the effects of shearing. Viscosity will decrease over time with shearing and the hysteresis 

loop observes the deformity of the liquid. If the up and down curves during increasing 

and decreasing shear rates are not equivalent, there is hysteresis in the testing liquid. 

 Through the rheological measurements, we can learn about the different fluids 

and their properties. Most importantly the deformation process that occurs during force 

application is a simulation of how we process liquids to be swallowed. However, liquids 

are complicated systems that rheology alone cannot explain all the phenomena that 

occurs in the mouth. The differences in size and shape of particles, the effects of rugosity 

(surface roughness) and the ability of food to mix and absorb by saliva are not defined 

through rheology alone (Bourne M.C. 1982). Therefore, other forms of measurement are 

needed to support rheology. For some of these phenomena, tribology provides 

understanding of food texture and interaction with surfaces, beyond the field of rheology. 

 

Rheometry Measurements 

 Rheology is measured using a DHR-2 Rheometer with 40 mm parallel plate as a 

geometry head that rotates above a stationary steel Peltier base. This procedure involves 
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gradually increasing velocity of the geometry head to a set rate and then decreases back 

to the initial shear rate. The rheometer records various parameters such as torque and 

temperature, but shear rate, shear stress and viscosity are the most important variables to 

consider for liquid evaluation in our studies. Through the upward and downward curves 

as shear rate increases and decreases, we can check if hysteresis is present, indicating an 

irreversible effect on the testing formulation during the shearing process. Based on the 

guidelines of Trios TA Instrument Software (2016), parallel plate is used for testing 

polymer melts, soft solids, suspensions, emulsions and liquids with wide range of 

viscosity. Therefore, this geometry is appropriate for our studies with suspensions. The 

study conducted by Cayot et al. used the same parallel plate geometry to detect 

smoothness perception and how the extent of particle involvement may interrupt this 

creaminess perception (Cayot P. 2008). Some advantages of using this type of geometry 

is the ability to manipulate the gap distances between two surfaces, easy to load samples 

and there are various sizes of geometry to test. This allows us to alter variables to suit the 

specific type of liquids for testing.  

In addition, the DHR-2 Rheometer can exchange geometry so that different forms 

in size and materials of geometries can be explored. The study conducted by Kavehpour 

and Kavehpour and McKinley (Kavehpour H.P. 2003) used the similar rheometer, a 

triborheometer to see the relationship between viscosity of liquids and gap distances 

between surfaces. Their approach and utilization of the instrument, validates our direction 

of texture studies. The ability to perform both rheology and tribology allows us to obtain 

recordings and measurements beyond the traditional parameters used in many studies 

involving textural perception. 
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There are several conditions to consider when conducting rheological 

measurements. Although exact amount of sample loading is not necessary, the diameter 

of the sample on the base surface should approximately be the same as the diameter of 

the 40 mm parallel plate. When sample is loaded onto the surface, it should be free of 

holes and bubbles. After loading, geometry is lowered to the trim gap and any excess 

samples visible beyond the parallel plate should be cleaned with either a pipette or 

kimwipe. Then, a geometry gap that is usually set to 20 µm closer than the trim gap, is 

lowered to start the measurement. Always monitor the screen for the values and check if 

they are set and stabilized because enough time is required to condition the instrument. 

For example, plenty of time is needed for the instrument to condition when changing one 

gap distance to another. For the purpose of our study, the temperature does not greatly 

affect the outcome of rheology, and therefore, only the maintenance of 25ºC room 

temperature is required. This is measured and maintained through the Peltier base plate. 

 

Tribology 

Coefficient of Friction 

 Tribology is the study coefficient of friction (COF), which is a measurement of 

friction between two interacting surfaces that are moving relative to each other and the 

addition of a lubricating agent in between surfaces alters the outcome of friction (Fig. 3). 

It is one of the most common method to measure the characteristics of liquids on oral 

surfaces in motion, such as rubbing and squeezing in the mouth (Batchelor H. 2015). Eq. 

3 summarizes that COF depends on the properties of the lubricant, the type of surface and 

the frictional force perpendicularly applied to the surfaces (Prakash S. 2013). COF is a 
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parameter that relies on contact surfaces but its value changes according to alterations 

that may occur on the surfaces, such as the texture. It also depends on the viscosity of the 

samples, amount of samples loaded and the distance that separates between interacting 

surfaces. For instance a pure thin or watery liquid tend to increase COF due to increasing 

dominance of mixed lubrication regime, which is a region where film formation can 

partly separate interacting surfaces (Shi Y. 2014). The Stribeck curve is used in tribology 

to show the overall shape of the COF curve recorded by the rheometer, representing 

regions important for characterizing formulations. 

 

Figure 3 Illustration of two interacting surfaces with a lubricating agent in between. The variables including, force of 

friction, surface load and sliding velocity impact the overall COF of the surfaces in contact. 

 

𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 (𝐹𝑅) = 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛(µ)×𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑙𝑜𝑎𝑑 (𝐹𝐿)  Eq. 3 

 

 Surfaces are an important aspect of tribology. Menezes and Kailas (Menezes P.L. 

2016) explains the importance and the contribution of surface texture, roughness, friction 

and film formation by using Ultra High Molecular Weight Polyethylene (UHMWPE) 

pins against steel plate of a pin-on-plate sliding tester instrument. From their tests, the 
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magnitude of one type of rough surface does not seem to greatly affect the COF, but there 

are definite differences in COF values with different types of surfaces. They suggest that 

COF decreases with high surface roughness until a certain threshold is reached. With 

further increase in the roughness of surface, COF increases because of adhesion forces 

exerted due to the surface roughness and some abrasion. When analyzing COF, it is not 

solely about surface interactions, but combination of materials and lubricating agents that 

interact to greatly influence the COF. 

 

Stribeck Curve 

 A common way to present COF is by a Stribeck curve, plotting COF against 

sliding speed (Woydt M. 2010). Fig. 4 shows a typical Strickeck curve of ibuprofen as an 

example and the three main regions: boundary regime, mixed regime and hydrodynamic 

regime (Prakash S. 2013, Godoi F.C. 2017, Zhang B. 2017).  

The hydrodynamic region occurs at the higher sliding speeds and is mainly 

dependent upon the formulation’s ability to separate the two surfaces. This is mainly 

done by forming a thick film to reduce asperity contact between surfaces (Woydt M. 

2010). Therefore, this region with relatively large gap between the tongue and palate, 

relies more on measurements of rheology to see how the viscosity of the formulation 

withstands the stress applied through surface interaction (Sonne A. 2014, Godoi F.C. 

2017). At slower sliding speeds, the boundary regime dominates, usually with high COF. 

During this stage, the fluid is no longer in the hydrodynamic state, so it is unable to 

support the stress applied and separate the two interacting surfaces. This causes the 

surfaces to come closer together. Their close interaction causes friction between them. 
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We can visualize how this scenario applies to our mouth. There is a small gap of less than 

around 10 µm separating the tongue and the palate with a layer of film that is 

independent to the hydrodynamic flow of the lubricant, causing friction as the two 

surfaces come in closer contact. The presence of this layer is considered to be the 

boundary regime and is characterized with the maximum COF (Prakash S. 2013, Sonne 

A. 2014). The mixed regime is between the boundary and the hydrodynamic regime. It is 

found at intermediate speeds where the lubricant can partly separate the two surfaces. The 

roughness between surfaces and the viscosity of the liquid to act as a lubricant almost 

become equivalent, so that these effects almost cancel each out. Therefore, we observe 

the minimum COF in the mixed regime. Both tribology and rheology measurements are 

required to fully understand the texture of a fluid. Tribology measurements dominate in 

the boundary and mixed regions as surface interaction plays a bigger role, and rheology 

measurements better explains the hydrodynamic region where viscosity of fluids cause 

film formation to separate surface interaction. 
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Figure 4 Stribeck curve of ibuprofen, showing the three main regimes: hydrodynamic, boundary and mixed. The first 

two regions represent mostly the surface interaction were tribology is dominated. At higher speeds, hydrodynamic 

lubrication region shows full-film lubrication and dominantly explained through rheology 

 The speed at which transitions between regions are different depending on the 

attributes of liquids and the type of interacting surfaces. For instance, roughness or 

smoothness of surface, ability to absorb, elasticity, moisture and how well fluid film 

builds up during the state of rotating motion (Pradal C. 2016). For thicker fluids, like 

yoghurt and our ranitidine formulations, the viscosity of the liquid creates a thicker build-

up of film formation which proceeds into the hydrodynamic regime later compared to 

thin fluids (Pradal C. 2016). The dominance of a particular regime on the Stribeck curve 

explains some properties of liquids and their thickness due to viscosity. It is proposed that 

thin liquids such as, beverages reach the hydrodynamic lubrication regime more quickly 

and with greater magnitude compared to equivalent liquids with higher viscosity because 

it is a thin fluid that resides in between, bringing in two surfaces closer at a faster rate and 

reaching the next regime faster (Pradal C. 2016) For example, the rheological property of 
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a very viscous liquid usually has a thicker buildup of film formation. A thick film will 

separate the two surfaces for longer duration because of their thickness and their ability to 

support the force applied to increase interaction of surfaces. This means that the 

hydrodynamic lubricating regime is maintained longer than a liquid with low viscosity as 

they would not be able to withstand the surfaces coming in contact. Different dominating 

regimes may be one way to differentiate testing formulations. For instance, maximum 

COF may be reached at slower sliding speeds which may indicate a liquid that is very 

thin or contains particles that enhances the rough texture during interaction with surfaces. 

These results are based on viscosity and so the results of formulations and their 

relationship with other formulations may show a different outcome if we consider particle 

involvement. For instance, formulations with high grittiness or particle concentrations 

show their maximum COF at slower sliding speeds and formulations with low grittiness 

show their maximum COF at higher speeds (Batchelor H. 2015). 

There are other models used to calculate friction and other variables adjacent to 

the regimes of Stribeck curves. Gelinck and Schipper (Gelinck E.R.M. 2000) go into 

details about using formulations and models proposed by Johnson et al and Greenwood. 

For accuracy, the type of rheometer used and the non-Newtonian behavior of the testing 

formulations in our experiments, we can obtain specific numerical values without relying 

on the use of specific models and equations. 

To explore in-mouth processing, information obtained through rheology alone is 

not sufficient to fully understand what can be perceived. As discussed earlier, the 

variability of food or liquid once they are ingested, involve changes in particle size, 

surface moisture buildup, and texture differs from beginning to the later stages. In the 
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review by Chen and Stokes and many literatures involving tribology, emphasize the 

contribution of rheology and tribology and how they can be dependent but also 

independent at the same time (Chen J. 2012). The limitations of rheology are supported 

by tribological measurements as flow behavior and surface related textural sensations can 

be approximated. Through this thesis, we attempt to achieve in understanding these two 

principles and how they may integrate to our learning about versatility of texture 

perception of liquid medications. 

 

Method Validation 

 For rheology, there has been many studies using the parallel plate or disk 

geometry. As indicated in USP (USP 2017), a sample is placed in between two plates, 

where usually the lower plate remains stationary and records the measurements, and the 

top plate rotates to create the shearing effect. This type of geometry works like the cone-

and-plate rheometers. Our testing method for rheology follows the guidelines of the 

TRIOS TA Instrument and the USP. Specifically, for the DHR-2 Rheometer that is used 

throughout the experiment, geometry calibration was obtained at the beginning of every 

experiment to make sure that the geometry is standardized to reduce errors that may 

occur through direct recordings from the geometry. Calibration and their values for 

parallel plate geometry includes, inertia (9.08457 µN.m.𝑠2), friction (0.28409 

µN.m/(rad/s)) and standard rotational mapping with 3 iterations. The values from the 

calibration should be very similar every time when conducting the experiment with the 

specified geometry of parallel plate. 
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 For the tribological experiments, there has not been as much testing conducted 

with the similar geometry of the rheometer using the half or full steel ring and the 3M 

Transpore™ surgical tape as materials to mimic surfaces of the mouth. Therefore, in part, 

this study is an exploration of different variables that can be served as candidates to 

develop a tribological methodology. This combination of geometries and variables have 

not yet been tested in many literatures, which makes this part of the study fairly new and 

in some ways a venture. Although our approach to textural study is new, there is an 

increasing use of commercial rotational rheometers like our DHR-2 Rheometer to take 

tribological measurements and use of parallel plate as geometry for rheology (Clasen C. 

2013). Calibration for tribology with the steel ring on plate geometry includes, inertia 

(15.5562 µN.m.𝑠2), friction (1.277522 µN.m/(rad/s)) and precision rotational mapping 

with 1 iteration. For the PVC half ring on plate geometry, inertia (13.0918 µN.m.𝑠2), 

friction (0.282663 µN.m/(rad/s)) and one iteration of precision rotational mapping. The 

values should be similar when using these types of geometries.  

Both rheology and tribology have similar environmental conditions controlled 

during the experiment. The parts that can be exchanged and assembled to the rheometer 

are maintained and attached and only cleaned with distilled water and kimwipe after each 

formulation testing. Any materials not part of the instrument is always replaced. For 

instance, the surgical tape that is used as the surface throughout the tribological studies 

are only used once. This is to apply the same conditions to every product because 

deformation may occur during surface interaction. Each formulation is tested for at least 

three repeats with the same conditions to prove consistency and reproducibility. Many 

experiments in literature have repeated the same experiment at least three times or more. 
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Also, each formulation is performed only once each day to make sure that the procedure 

conducted by the experimenter does not show variability as well as possibility of errors in 

the instrument or conditions in the laboratory that may affect the testing formulations. 

Unlike some experiments mentioned in literatures with the use of natural products like 

pig’s tongue, we do not have problems storing or preserving our geometries or other 

testing conditions as we focus on synthetic materials for robustness and consistency in 

our measurements. Experiments carried out by Kavehpour and Mckinley have similar 

approach in using both rheology and tribology to understand texture perception. 

Particularly, the tribological approach by Godoi et al, used a similar rheometer with half 

ring geometry and taped surface to understand concepts of flow and friction in the oral 

cavity upon different fat-containing custard formulations during ingestion (Godoi F.C. 

2017). 
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Chapter 2: Thesis Hypothesis and Specific Aims 

 

Hypothesis 

 Texture is an important determinant for patient acceptance and compliance of 

medications, so understanding and being able to measure the oral textural perception are 

a major component of dosage design. The hypothesis of this study is to determine if 

rheology and tribology measurements of viscosity and the coefficient of friction (COF) 

for a range of formulations that vary in their gritty and viscous compositions can help 

explain the textural relationship between formulations and the synthetic surfaces that 

mimics some properties of the tongue and the palate interactions. We aim to improve on 

already existing tribological method to specifically examine some over the counter (OTC) 

formulations as well as novel liquid formulations with broad range of texture, focusing on 

smoothness and grittiness. Through the dynamics of the DHR-2 Rheometer and the 

diversity in the choice of geometries to perform rheology and tribology, we can establish 

various approaches and perspectives to study liquid formulations and mouthfeel. This 

information will ultimately be used to improve in vitro methods and medicine design.  

 

Specific Aims 

1. To study DHR-2 Rheometer and the diverse OTC oral liquid formulations and 

obtain rheological and tribological measurements to understand what types and 

variety of formulations are currently available in the market. Inactive ingredients 

are considered for these measurements as they contribute to the textural attributes 

of formulations. To understand these physical attributes, viscosity and friction 
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through surface tension are the most important values to consider. The DHR-2 

Rheometer consisting of both rheological and tribological functions, measures and 

graphs these values. Table 1 (see Materials and Methods in Chapter 3) gives a list 

of the OTC liquid formulations and their inactive ingredients used throughout the 

experiment.  

2. Experiment with different materials and other variables that mimic the rough 

texture of human oral cavity, and that could possibly influence the interaction and 

the experience people will have with liquid formulations in the mouth. This 

procedure will ultimately contribute to finalize our modified version of the 

classical tribiological method, and to test for the pediatric ranitidine suspensions. 

Some variables that were tested are explained below. 

2a. The gap distance between two surfaces: the head geometry that rotates and the 

base supporting surface that remains stationary. For rheology measurements, the 

gap distance is less important as it is not the determining factor for viscosity nor 

does it change during the procedure. However, the loading gap is important for 

tribology, as we aim for the initial gap setting to be at the hydrodynamic 

lubrication region of the testing formulations. The main purpose is to find the 

appropriate gap distance that just touches the surface of the sample without 

impacting its properties or the surface itself.  

2b. The type of geometry influences the sample and their interaction. The aim is to 

find a geometry combination which includes the head and base surface that 

optimally represent the rough surfaces of the tongue and the palate in the human 

oral cavity. Also, considering the reproducibility and consistency of the type of 



 28 

materials that can be used throughout the experiment are vital. Combinations of 

half stainless-steel ring geometry, full stainless-steel ring geometry, half ring with 

tape, half ring polyvinyl chloride (PVC) geometry and the 3M Transpore™ tape 

will be experimented. The different types of geometry used are depicted in Fig. 5. 

 

Figure 5 Types of geometry rings that will be tested for tribological experiments. 

2c. Axial force is the force that is applied perpendicularly from the geometry to the 

base surface, hence represents the force that we exert upon ingestion between the 

tongue and the palate. Many literatures show that axial force of 1-3 N is what they 

predict to be the amount of force that we apply when ingesting soft foods. 

Therefore, we will experiment with axial forces ranging from 1-3 N to see if there 

are differences between them and decide on what would be the optimal force for 

our testing formulations.  

2d. Pre-shearing is an option that can be selected in the software of the DHR-2 

Rheometer. The purpose of pre-shearing is to make sure that the surface in which 

we are conducting the experiment is fully coated with the sample and that every 

sample has that similar consistent coating. The actual measurement of the 
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experiment begins once pre-shearing has finished. The purpose here is to observe 

if there are differences between pre-shearing or no pre-shearing. 

2e. The loading process and the volume of the sample in each experiment may 

influence the outcome of tribology and rheology. This would test the sensitivity of 

the instrument and find the best procedure for the experimenter to apply the 

sample onto the surface. 

3. Using the results from Aims 1 and 2, improve on the classical tribologcial 

methodology to test the pediatric ranitidine suspensions that were developed in 

our lab as a separate study to this experiment. These formulations were developed 

based on a separate study on taste of liquid medications. The use of ranitidine was 

to reflect the bitter taste of medications and has very low side effects that makes it 

suitable for clinical testing. The specific percentages of the inactive ingredients 

are shown in Table 2 (see Materials and Methods in Chapter 3) and those where 

refined through informal taste testing study. To better understand the variety of 

these formulations based on differences in texture, Fig. 6 presents the orientation 

of the three main inactive ingredients used to create the ten formulations for the 

study. The main purpose is to use the in vitro method to observe and understand 

the variations in formulations, specifically focusing on particle contribution. Also, 

to have an idea of human textural perception of these particular liquid medications. 
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Figure 6 3D diagram of the ten formulations and their orientation with each other based on the percentage of 

sweetness, viscosity and grittiness. Numbers correspond to the formulation numbers shown in table 2 (see Chapter 3). 

Formulations 9 and 10 are the same intermediate percent compositions of all three inactive ingredients. 
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Chapter 3: Development from a Classical Tribological Method to 

Characterize Texture of Liquid Medications 

 

Abstract 

 Interpretation of the initial stages of oral processing and mouthfeel of liquid 

medications through in vitro techniques can be limiting, but necessary to minimize side 

effects that may arise through human clinical testing. Texture is one of many sensations 

that plays an important role in our perception of medications. This is especially important 

for pediatric medications as children’s psychological perception of medicine already 

creates an expectation of dislike and bad taste. Therefore, in order to develop medications 

that are acceptable to children, understanding of medications and their textural (grittiness 

and smoothness) contribution to oral perception are required. Information gained through 

rheology and tribology are used to characterize the properties of oral liquid products and 

determine how viscosity correlates with coefficient of friction (COF). Over the counter 

(OTC) liquid products were tested to develop and improve on the classical tribological 

method, and adopt this methodology to our ranitidine pediatric suspensions to observe 

how they align with OTC products. Grittiness plays a major role in creating rough texture 

and even masking the effects of smoothness in these formulations.  

 

Introduction 

 Taste and texture of pediatric medications are critical to patient acceptance and 

compliance which are directly linked to therapeutic efficacy (Frey C.R. 2014, Frey C.R. 

2014, Jacobs 2014, Batchelor H. 2015). Currently, the best way to determine patient 
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acceptance of a medication is through clinical studies or consumer taste panels, but these 

are costly, time consuming and expose study subjects to some risks. Thus, developing in 

vitro methods for the assessment of medications will be very beneficial to the 

development of such medications. The most common approach in vitro is to study 

rheology and tribology, and these concepts are the principle focus of our studies on 

texture perception. The main objective is to develop a better methodology to understand 

liquid formulations during oral processing, so that improved formulations can be 

manufactured; increasing patients’ experience and acceptance for medications. 

Children’s experience with the mouthfeel of medications is a critical part for 

pediatric adherence. The touch of the surface of a product generates many psychological 

and physical sensations. Texture is one of many oral perceptions that constitute this 

occurrence. As oral processing proceeds, the length scale from ingestion, saliva mixing, 

swallowing and to oral clearance decreases; indication of changes in particle size, 

composition, release and increase contact between oral surfaces as ingestion proceeds 

(Chen J. 2012). Although our primary focus of study is not the production of liquid 

formulations or pediatric medications, but have a better understanding of the textural 

aspects of medicine design. We need to understand about the guidelines of pediatric 

testing and how sensitive children are as the ranitidine formulations we test for will 

ultimately be directed towards children. Many literature reports about pediatric 

medications show the importance of using liquid formulations for children, instead of 

tablets or capsules as they allow immediate effect of release with shorter delivery time 

(Frey C.R. 2014, Frey C.R. 2014, Patel V.F. 2014, Pöllinger N. 2014). Therefore, 

medications in the form of liquid and possibly thin film with minimum particles in 
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suspensions would be a preferred consistency. They are likely to reduce the bad taste of 

medications, shorter time for oral processing and have less residuals that may linger in 

the mouth which may cause a bad after taste. 

The use of rheology and tribology through a rheometer is a common approach in 

the food industry to analyze texture perception. Focusing on liquids or semi-solid 

products, a research was conducted on finding an optimal textural combination between 

commercial pudding powders with different milk substitutes, such as soy and rice milk 

(Alamprese C. 2011). They conducted various tests, such as rotational and oscillatory 

tests with a rheometer to evaluate the textural outcome of puddings. They concluded that 

combination of the types of the milk substitute and the amount of starch and carrageen in 

pudding powders largely contributed to the physical characteristics of the final pudding 

product having increased viscosity. This is a similar direction with our experiment with 

ranitidine formulations in that the variety of concentrations that contribute to the viscosity 

and grittiness texture are explored to observe their physical properties. Selway and Stokes 

(Selway N. 2013) demonstrated a similar tribological studies by looking at the 

differences in fat content that contributed to the lubrication of commercially available 

custards and yogurts. The important aspect to note was searching for a relationship 

between measurements obtained through rheology and tribology. In their study, they 

attempted to discover that rheologically similar products exhibited differences based on 

soft-food tribology techniques. Therefore, what we perceive of a formulation through 

rheology can become different once formulations interact with oral surfaces. Again, this 

verifies our attempt to obtain both rheology and tribology for our studies on texture 

perception.  
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Research conducted by Batchelor et al. (Batchelor H. 2015) revealed a straight 

forward rheological and tribological experiment comparing seven liquid medications with 

different concentrations of septrin and paracetamol. In this experiment, they used a mini 

traction machine with a steel ball and silicone elastomer disc to measure friction, and a 

cone and plate geometry (similar to a parallel plate geometry) for viscosity measurements. 

Their experiment determined that lubrication and grittiness in texture segregated their 

tested products into distinct groups based on gritty texture. For gritty and less lubricating 

formulations, there was initially high COF at lower sliding speeds because of the less 

fluid component in formulations. They further explained about the role of particles 

contributing to COF. They suggested that the presence of particles, their shape and 

hardness are what differentiates between formulations. The size of particles seemed to 

have less or no effect on COF for their tests, even though the size of particles were large 

enough to be detectable in the mouth. This may be due to the dominating effects of 

viscosity. The thick film formation and the lubricating ability of some formulations may 

have disguised the intensity of the rough and gritty textural effects of particles.  

Surface interactions influence textural perception, and thus will greatly affect the 

tribological outcome of the testing formulations. For liquid formulations, most surface 

interactions involve the tongue and the palate. The roughness of the tongue is due to the 

papillae on the surface and the different muscles of the tongue provide a multifunctional 

behavior, including various sensory recognition and deformation upon pressure 

(Dresselhuis D.M. 2008). Tongue is a complex anatomy to imitate using artificial 

materials. Elastic surfaces are used often for tribological experiments, for instance the 

pig’s tongue and polydimethylsiloxane (PDMS) (Bongaerts J.H.H. 2007, Kim J.M. 2015). 
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The pig’s tongue closely emulates the physiology of the human tongue, but problems 

arise with obtaining samples, consistency and maintenance to avoid degradation, hence 

using this type of natural substance can be costly and cumbersome. Kim et al. (Kim J.M. 

2015) introduced the idea of the surface characteristics in soft-contact tribology. They 

wanted to test the already well-known use of PDMS by synthesizing them with different 

ratios of base and curing agent that make up PDMS. Their aim was to see how 

differences in ratios of PDMS respond to friction during surface interactions with 

glycerol as a lubricant. PDMS is usually an alternative to the pig’s tongue, but the nature 

of the material cause changes in morphology when placed in organic solvents. Its 

frequent use in tribology is due to its viscoelastic and rough textural properties found in 

the mouth. However, they show instability as they reverse between hydrophobic and 

hydrophilic states when treated with plasma to mimic the effects of saliva causing 

lubrication (Pradal C. 2016).  

The choice of surfaces and how they impact the tribological outcome are very 

important for our perception on texture. Different materials will affect the surface to 

surface interaction and lubrication responses may differ with varying degrees. For our 

study, we want to experiment with simple materials that are easily accessible, 

reproducible and consistent over time. Although 3M Transpore™ tape contains both 

hydrophobic and hydrophilic surfaces, it has some of the characteristics of the tongue, 

such as absorption, deformation, film coating ability and rough texture.  

The purpose of the rheometer in our context of study is to recreate an environment 

that imitates some of the interactions between the tongue and the palate during processing 

of liquid medications. The interaction between the two surfaces is an important 
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determinant for texture recognition and ultimately for the analysis of medications. 

Prakash et al. (Prakash S. 2013) explained the different tribological systems that are 

currently used in the food industry. However, our method of using the parallel plate 

geometry was not yet included. The use of the parallel plate geometry seemed to be new 

as very few information has been shown in current literatures. The main advantage for 

using the parallel plate is that we can manipulate the gap distance between the two 

surfaces, allowing us to have more freedom of control over the variables which may 

influence some responses of our measurements. Through DHR-2 Rheometer, we can 

record the exact measurements of variables beyond friction or viscosity, as well as 

automatically compute values into formulations. This may be more accurate than relying 

on mathematical models or equations manually. Due to the sophistication of this 

rheometer, we are able to investigate medications with different variables and materials 

that have not commonly tried before. The use of different geometry heads and 

Transpore™ surgical tape to reflect some properties of the tongue, customizes our 

tribological approach to study liquid formulations and suspensions. Thus, this may create 

a novel insight into tribological studies. Furthermore, we aim to provide evidence and to 

have a better understanding of how viscosity and COF may influence our experience with 

texture during oral processing. 

 

Materials and Methods 

Materials 

 Over the counter liquid formulations were purchased from our lab. Ranitidine 

formulations were prepared in the lab with the inactive ingredients purchased from the 
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lab: Avicel RC-591® (microcrystalline cellulose and carboxymethylcellulose sodium, NF, 

BP; LOT DN04814365, Newark, DE)), dicalcium phosphate dehydrate (Innophos, LOT 

452633, Cranbury, NJ), sucrose and purified water. Glycerin (LOT 135194) was used as 

a control. 3M Transpore™ surgical tape was also purchased. 

 

Rheology Measurements 

 The DHR-2 Rheometer (TA Instruments, Waters LLC, New Castle, DE) was used 

for both rheology and tribology, where the head geometry could be exchanged for 

different types of measurements. For the rheological measurements, a stainless steel 40 

mm parallel plate and a Peltier plate (TA Instruments, serial number: 109595) was used 

(Fig. 7a). The temperature was controlled automatically by the Peltier plate to maintain 

near room temperature of 25°C. A disposable pipette was used to the place the sample 

onto the steel base surface, creating a filled circle that approximately equals the diameter 

of 40 mm parallel plate (Fig. 7b). The exact amount of the sample was not necessary for 

this procedure as the rheometer was not sensitive enough to detect small variations and 

did not create significant differences in the outcome. However, caution was needed while 

loading the sample as measurement takes place at the outer circumference of the sample 

and extreme variations may arise through loading process. Too little or too much sample 

were not recommended by the DHR-2 Rheometer manual (TRIOS TA Instrument, 2016). 

To obtain the correct loading of the sample, a trim gap was set to a distance above the 

final geometry gap, which allowed us to remove any excess samples around the edges of 

the parallel plate before reaching the final gap distance. For most, sample was loaded in 

excess amounts which caused some samples to squeeze out from the two surfaces, so trim 
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gap was necessary to clean the excess. The outer rim of the sample is equivalent to the 

top layer of the sample where the rheometer measures viscosity during shearing process. 

To maintain consistency of this loading process, we aimed to load the samples enough to 

just see a hint of a rim, around the parallel plate when the geometry gap was set. Fig. 8 

illustrates the correct amount of sample loading. Upon experimenting with loading, the 

small differences in sample loading did not seem to have a dramatic effect on the overall 

measurement in our circumstance. This effect was tested by loading extreme amounts and 

weighing them before performing rheology. The weight of the samples ranged from 

0.099g for the lower limit and up to 1.057g for extreme overloading. In the range of the 

loading amounts studied, the differences in loading did not significantly affect the 

viscosity determination; thus, all samples were loaded in the range. Despite DHR-2 

Rheometer not being as sensitive to detect these small differences, precautions need to be 

made for rheological measurements because they do have an impact on the testing 

formulations as any changes in the environmental setting may alter the response (Boehm 

M.W. 2013).  
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Figure 7 DHR-2 Rheometer for the rheology set up. (a) 40mm parallel plate moves down to the stationary steel base 

upon sample loading to initiate the rheology measurement process. (b) Loading of the sample onto the surface with 

diameter approximately the same as the parallel plate of 40mm. 

 

Figure 8 Illustration showing the correct way of loading the sample for rheology, as specified in the DHR-2 Rheometer. 

Before initiating the instrument for measurements, calibration of the geometry 

head was conducted to ensure that it was standardized and to reduce any possible 

measurement errors from the sensor of the geometry. In addition, zeroing the gap 

distance between the geometry head and the surface further confirmed standardization. 

The gap between two surfaces were constant throughout the shearing process as 

rheometry has little to do with the surface interaction, but more about the attributes of the 

testing liquid. The TRIOS TA Instrument Guidelines (2016) recommended that when 

a 
b 
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testing samples for constant strain and high shear rates, a small gap setting between 0.5 to 

2 mm for parallel plates. Therefore, the final gap setting was set to 500 µm for all our 

rheometry tests.  

After the loading of the sample onto the steel surface, parallel plate lowered down 

to a trim gap of 520 µm with essentially no normal force (first normal stress minus 

second normal stress) acting on the sample. This process allowed any excess of the 

sample beyond the diameter of the plate to be removed because the amount left on the 

edges could affect shearing and therefore affect the accuracy of the viscosity 

measurements. Once the excess was cleaned up, using either a pipette or kimwipe, the 

parallel plate moved to the geometry gap of 500 µm and then shearing started with the 

shear rate velocity ranging from 0.1 to 30 s-1. The instrument computed the stress values 

as shear rate increased and decreased, and the ratio between the two, indicated viscosity. 

As the geometry rotated at increasing rates, it displaced the formulations, layer by layer 

and created a force that put stress on the formulation. This viscosity was what resisted the 

shearing effect. As the shear rate increased to a set maximum speed of 30 𝒔−𝟏, the shear 

rate started to decrease and descended to the original speed of 0 𝒔−𝟏. Through this 

process, a hysteresis loop was obtained to observe if this shearing caused irreversible 

changes in the testing formulations. 

 

Tribology Measurements 

 The main method to analyze tribology was the common Stribeck curve. As 

mentioned in many research papers related to tribology, Stribeck curve was used often to 

determine friction between two surfaces with a lubricant or liquid sample in between the 
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surfaces, and this is referred to coefficient of friction (COF). The stainless-steel half and 

full ring, part of the TA Instruments and the polyvinyl chloride (PVC) half ring geometry 

was made in lab with the 3M Transpore™ surgical tape (3M Health Care, USA) applied 

on the stationary, steel surface base (Fig. 9a). The synthetic material for the geometry, 

provided consistency and reproducibility of the materials and the Transpore™ tape 

represented the rough texture, mimicking the roughness found in the mouth, mainly the 

surface of the tongue. The tape exhibited elasticity and absorptive effects, similar to the 

tongue. As mentioned previously, surface selection was a difficult process as we must 

consider uniformity and material maintenance, as all these properties influence the 

magnitude of COF and the three regime limits (Pradal C. 2016). Selway and Stokes 

(Selway N. 2013) mentioned that biological samples such as pig’s tongue have already 

been studied and would closely represent the textural surface of the human tongue, but 

the variability and difficulty in storing the material in the same physical state was a 

problem. Therefore, in their studies, they used a ball-on-disc system with soft PDMS. 

There are still some drawbacks and limitation, as it would be for any artificial materials 

to represent a human substance. However, when conducting such in vitro studies, it was 

difficult to not use an artificial material. Therefore, our use of the Transpore™ surgical 

tape was a novel approach that included some of the main attributes of the tongue for 

surface interaction. 

Firstly, the full ring geometry head was moved to zero gap distance to standardize 

the sensor before putting the Transpore™ tape onto the surface because it could deform 

the surface even before sliding is initiated. In addition, similar to the rheology procedure, 

calibration of the geometry was carried out to make sure that any errors in the 
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measurement could be minimized. After placing the tape on the base, the testing 

formulation was placed onto the surface with approximately similar diameter to the 

geometry ring of 32 mm. Using a pipette, the formulations were places in the form of a 

ring (Fig.9b). The geometry was pulled down to the loading gap of 800 µm to initiate the 

sliding process (Fig. 9a, c). This specific loading gap was selected as it did not affect the 

initial hydrodynamic state of the formulation. The sliding rate increased over time, 

starting from around 169 to 410000 µm/s in a period of 600 s. The actual measurement 

started as soon as the axial force reached 2.1 N with sensitivity of 0.1 N. The reason for 

setting up the axial force to 2.1 N was to increase accuracy of obtaining 2.0 N. There was 

no pre-shearing to make sure that the very initial point of interaction was captured. 

Although the early stages of the measurements may show some inconsistency or large 

variations for some types of formulations due to the state of the instrument and the 

loading of formulations, these untouched conditions closely represented the actual 

response we have during ingestion of a liquid product.  
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Figure 9 DHR-2 Rheometry setup for tribology. (a) Full ring geometry head lowers to the stationary base to initiate 

sliding of the geometry. (b) Sample loading onto the taped surface. (c) Geometry head at loading gap distance, 

conditioned and ready to initiate the tribological measurements 

 

Microscopic Images of the Surface 

 To create a surface that could replicate the texture of the oral cavity, 3M 

Transpore™ tape was used as the base surface that will interact with the smoothness of 

the steel ring geometry head. Due to the friction generated by the sliding motion of the 

ring on the tape surface, there was a question whether this friction could deform the 

surface texture of the tape. Microscopic images of the sample loaded onto the tape before 

and after test runs were taken to observe possible deformation of tape and the 

arrangement of the sample on the surface. Using an optical stereoscope (Olympus Optical 
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Co. LTD, Japan) to view the tape, and the images were taken using Omax camera 

(A35140U, China) and 0.5x fixed Omax microscope adaptor (A3RDF50, China) which 

digitally transferred to the computer using the Toup Lite Software program (Version: 

Mac OS, 1.0, Zhejiang, P.R. China).  

 

Over the Counter Oral Liquid Formulations Studied 

 The initial experiment started with learning about the DHR-2 Rheometer by using 

various types of over the counter (OTC) liquid formulations as the lubricant. It was also 

an opportunity to explore how diverse medications are in the market, and composition of 

ingredients that could influence the perception of texture. List of OTC formulations 

tested include: Infants’ Advil® Concentrated Drops Children’s Acetaminophen Non-

Aspirin Oral Suspension Liquid (Rite Aid Corporation), Children’s Ibuprofen Oral 

Suspension (Care One™), Antacid (Mylanta®), Milk of Magnesia Original (Phillips’®), 

Pink Bismuth (Rite Aid Corporation), Cough Suppressant Dextromethorphan Polistirex 

Extended Release Suspension (Delsym®), Versa Plus™ Sugarless Suspension Vehicle 

(HUMCO), Versa Free™ Sugarless Syrup Vehicle (HUMCO). Below in Table 1, shows 

the list of inactive ingredients in these OTC medications as they have no real therapeutic 

effect but mainly contribute to the textural perception.  
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Table 1 List of inactive ingredients in OTC formulations that were used to test for rheology and tribology. Orange 

indicate thick suspensions, green for dilute formulations and yellow for pure solutions 
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Ranitidine Formulations 

 Table 2 shows the pre-determined percent composition of the ten ranitidine 

formulations that were tested. They were selected to cover variety of combinations of 

viscous and gritty texture within the range of the accepted compositions for pediatric 

medications. The ingredients were added and thoroughly mixed with the magnetic 

stirring instrument as well as manually, and stored in plastic bottles. We were only 

concerned about the inactive ingredients that contribute to texture, so the active 

ingredients were absent when dispensing of these testing formulations for both rheology 

and tribology tests. Dicalcium phosphate Dihydrate (Di-Tab) contributed to the grittiness 

and, microcrystalline cellulose and carboxymethylcellulose sodium, NF, BP (Avicel® 

RC-591) and sucrose created the viscous texture. Glycerin was used as a control. The 

percent composition for the ranitidine formulations were acceptable for the UPS 

guidelines. The specified 3 ml preparation was based on how much each formulation will 

be given to each person for clinical testing, but this is beyond the experiment conducted 

for this thesis. 

Table 2 Percent composition of inactive and active ingredients. Lighter blue highlights the low percent compositions, 

darker blue shows the higher compositions, and green shows the two medium percentages. There are two medium 

formulations to reduce error in the experiment while producing these formulations. These formulations are prepared 

based on amount per 3ml dosage 
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Results and Discussion 

 Through our rheological and tribological experiments with OTC products and 

ranitidine formulations, we were able to obtain values of viscosity and COF that were 

important for our understanding of texture perception in the mouth. Firstly, this allowed 

us to gain insight into the rheological properties of commercial products and compare 

them with the ranitidine formulations. Our development of using synthetic materials to 

emulate the tongue and palate interactions, guided us to how these testing formulations 

respond to what we believe is experienced during initial stages of processing liquid 

medications. The tribology results aligned our ranitidine formulations with the OTC 

products and in combination with the rheology results, allowed further analysis to what 

viscosity and COF tell us about the testing formulations and their perception during 

surface interactions. 

 

Inactive Ingredients 

 The excipients or inactive ingredients are responsible for the majority of the 

textural properties of a formulation. As seen in Table 1, some of the OTC formulations 

have the same inactive ingredients. For instance, glycerin, sorbitol, xanthan gum, citric 

acid, sodium benzoate and purified water are some of the ingredients found in several of 

these formulations. They are either sugar compounds which contributes to viscosity in 

terms of texture, or an acid that is a supporting element or preservatives to active 

ingredients. Versa Free®, Non-Aspirin and Ibuprofen have these common ingredients. 

Products such as Delsym® and Non-Aspirin consisted of many inactive ingredients and 

they were also very viscous, in which these ingredients may contribute to the thickness. 
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However, the common inactive ingredients found in these formulations seemed to have 

only few connections with viscosity and COF. Versa Free® and Non-Aspirin have high 

viscosity but Ibuprofen was not in the range of high viscosity in our tested formulations. 

In addition, Delsym® and Phillips’® showed higher viscosity than Ibuprofen. For high 

COF, Vera Plus®, Non-Aspirin and Delsym® showed high COF and consisted of a lot of 

inactive ingredients, except for Phillips’® which had little inactive ingredients but still 

showed high COF. However, the high COF seemed evident as Phillips’® contained 

particles large and abundant enough to be seen with the naked eye. 

 

Properties of Non-Newtonian Fluids 

 Some common OTC liquid formulations were first tested to observe products that 

were currently in the market, focusing on their rheological type and viscosity values as 

shear rate increased and decreased. In terms of formulation type, a diverse range of 

products were tested, and each product was measured three times to evaluate consistency 

and reproducibility. Most liquid medications are in the form of suspensions, i.e., two 

phases with small particles in liquid. Table 3 summarizes the OTC formulations as shear 

rate increased (upward curve) from 0.1 to 30 𝑠−1 and decreased (downward curve) back 

to its initial speed. To simplify the findings acquired from the rheometer, selected shear 

rates and the average values of their stress and viscosity were recorded.  

There was a non-proportional relationship between stress and shear rate. As non-

Newtonian fluids, changes in stress can vary in the same or opposite direction of shear 

rate in inconsistent proportions (US INK 1995). The upward curves were used to analyze 

the relationship between shear rate and stress and viscosity (Fig. 10). Looking at the 
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differences in stress and viscosity values between upward and downward curves, 

numerically they were very close (Table 3). These products do not change greatly and 

very little hysteresis existed. In addition, they exhibit pseudo plastic and shear thinning 

behavior, in that increasing shear rate decreased viscosity (US INK 1995). As Fig. 10a 

showed that most of the products have stress values ranging from 0 to 10 Pa•s, and values 

fluctuated in between for most products. As shear rate increased, viscosity decreased and 

no longer able to resist the stress from shearing, as shown in typical non-Newtonian 

liquids (Fig. 10b; Table 3). There was not enough supporting film formation during this 

motion. In addition, conditions of each OTC products needed to be considered. For 

instance, some products have lot more particles in the fluids, such as Phillips’® and some 

are syrup vehicles like, Versa Free®. The gritty texture indirectly affected viscosity as it 

may have created a less smooth lubrication. Non-Aspirin had the highest stress and 

viscosity values as shear rate increased, indication of its ability to coat surfaces easily 

(Fig. 10). Although there is no one ideal mouthfeel for liquid formulations, low residue or 

low coating on surface would be optimal for liquid formulations, as less residue left in the 

mouth as an after taste which is less likely to be favored.
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Table 3 Average values of rheology measurements on OTC formulations. Highlighted values show 

the upward curve with increasing shear rates. The differences in values of upward and downward 

curves show evidence of the presence or absence of hysteresis. The values are to the nearest 3 

significant figures with n=3. * indicates shear rates to the nearest tens. 
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 Looking at Fig. 10b, the shear rates between 0-10 𝑠−1, showed the most 

differentiating viscosity values, and beyond that they seem to merge and adapt a similar 

behavior to each other, except for Non-Aspirin which was extreme but with a similar 

pattern as the other OTC formulations. They all seemed to exhibit the similar pattern of 

initial steep decrease in viscosity during slow shearing rates, but as this velocity increased, 

the viscosity values reached a level where very little change occurred. This seemed 

plausible as the intensity of the shearing speed reached its plateau and no further change 

in processing happened, especially for liquids, which do not require a huge effort or a 

long duration or even high speed to mechanically process to reach the point of 

swallowing. Also, this was based on what Batchelor et al. hypothesized about the 

importance of low speeds for liquid formulations as these regions are most likely to 

portray the formulations’ ability to coat surfaces (Batchelor H. 2015). Therefore, the 

viscosity values at lower speeds of up to approximately 10𝑠−1 are likely to represent the 

trait of each formulations. There was a clear segregation between other formulations and 

Non-Aspirin as it seemed to greatly coat surfaces with a thick consistency overall.   

Summarizing rheology for the OTC products, there was a pattern for the tested 

formulations; as shear rate increased, stress increased and viscosity decreased. It can be 

estimated that as shear rate increased, shear stress levels also increase, and in order to 

oppose this movement and stress, the viscosity of the formulations built up a film. But 

their coating ability gradually decreased due to continuously increasing the shearing 

effect, and this was shown through the reduction in viscosity. 

The same rheological procedure was repeated for the ten ranitidine formulations 

and testing of these formulations involved only the inactive ingredients (see Table 2). 



 52 

Small particles of di-calcium phosphate contributed to the gritty texture. Sucrose and 

Avicel RC-591® were added to increase the viscosity and frictional properties of the 

formulations. Glycerin, which contained no particles, was used as a control for this 

experiment to compare the effects between suspensions and single phase solution. 

 

Figure 10 OTC formulations showing upward curve of (a) stress and (b) viscosity. The values are plotted based on 

values stated on Table 3. The experimental set up included 40mm parallel plate geometry, 2N axial force and 500µm 

gap. 

 There seemed to be a trend depending on the texture of the formulations. Table 2 

showed that the formulations could be divided into high and low viscous groups based on 
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the percent composition of Avicel RC-591® and sucrose. Although sucrose does 

contribute to the formulation viscosity, its effects did not seem as prominent as Avicel®, 

therefore, we will focus mainly on Avicel®’s contribution. Low viscous formulations (1, 

4, 5, 8) have the similar pattern with the tested OTC formulations: increasing shear rate 

resulted in increasing stress and decreasing viscosity with shear thinning behavior (Table 

4). For high viscous formulations (2, 3, 6, 7), as shear rate increased, stress and viscosity 

decreased together (Table 4). This means that as shear rate increased, there was less stress 

to resist the movement of shearing force because of the formulations’ originally high 

viscous nature to create a thick film. However, with further increase in speed, viscosity 

decreased to values close to the low viscous formulations. The overall pattern was shown 

in Fig. 11. At this point, all formulations exhibited very similar behavior; the product was 

no longer able to withstand the high shear rates to resist the shearing forces. The viscosity 

values merged as shear rate increased for all formulations, which may indicate that 

enough oral processing of formulations has occurred and that the thickness of the film 

started to decrease and viscosity became almost non-differentiable between formulations. 

The point where they merge was very similar, so the main difference between these two 

groups were the speed in which the formulations reached that point of coalesce. The high 

viscous formulations have a steeper slope and low viscous formulations have a subtle, 

gradual slope. This may indicate that viscosity or thickness of the liquid did not change 

greatly for low viscous formulations but prominent change may be felt for high viscous 

formulations in the mouth. If we simulate this concept in our mouth, whether the product 

is a thick custard or simply water, we orally process these to a point where they are 
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physically non-recognizable and that initiates swallowing because no further mechanical 

manipulation is required (Fig. 11b).  

Formulations 9 and 10 were the same percent compositions representing the 

intermediate values of the inactive ingredients. The initial values of stress and viscosity 

differed greatly as shear rate increased, but from 10 𝑠−1 the values stabilized with similar 

stress and viscosity. There could be many factors for the difference, such as loading of 

the sample. As explained earlier that although the loading did not greatly alter the overall 

outcome of the testing parameters, in this case, we saw possible effects of sample loading 

error only at the beginning of the recording process. This did not greatly change the 

outcome or the overall outlook of the formulations because beyond the velocity of 

10 𝑠−1 there was little significant difference, suggesting that most of the errors that may 

occur are only effective during the very early stages where instability and conditioning of 

the instrument may also be unstable. It was expected that there would be some variations 

in values. However, if we compare the values of stress and viscosity from ascending to 

descending shear rates, all values ended approximately in the similar range, except for the 

initial stages of ascending shear rate. This substantiated that the two formulations are 

very likely to be the same, which was what we anticipate. Furthermore, Fig. 11b also 

verified the location of these two intermediate formulations residing in between the high 

and the low viscous formulations.  

The intermediate formulations brought up a question of whether ascending or 

descending shear rate would accurately describe the viscosity and stress of formulations. 

The purpose of selecting the ascending shear rates to characterize formulations were to 

capture the very initial perception of texture as medication enter the mouth for the first 
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time. However, the descending shear rates seemed to have more stability in the results, 

but this may have lost the dynamics of the raw, initial perception because shearing has 

occurred once already.  

As expected, glycerin showed almost a linear relationship with viscosity and 

increasing shear rate, indicative of a Newtonian behavior. There was a great increase in 

stress with increasing shear rate, as relatively high and constant viscosity of glycerin can 

resist the stress that occurred with increasing shear rate. In comparison with glycerin, all 

testing formulations showed non-Newtonian behavior which corresponded with what is 

considered for most liquid medications.
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Table 4 Average measurements of ranitidine formulations. Highlighted values represent the 

upward curve. There is more hysteresis present in these formulations compared to the tested OTC 

products. The values are to the nearest 3 significant figures with n=3. * indicates shear rate values 

to the nearest tens. 
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Figure 11 (a) Upward curve showing stress with increasing shear rate. (b) Upward curve showing viscosity. Same 

procedure to the OTC liquid formulations. They showed the similar pattern to OTC products; steep decrease and then 

very little difference occurred with further increase in shear rate. 

 Comparing the ranitidine and the OTC formulations, most of the ranitidine 

formulations showed a higher initial viscosity but overall most products have overlapping 

values as shear rate increased. As shown in Fig. 12a, the ranitidine formulations 

presented a wide range of viscosity and the tested OTC formulations resided mostly in 

the middle. High viscous formulations all showed initially high values but they decrease 
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dramatically as they reached the shearing rate of 10 𝑠−1, where from then on, they almost 

stabilized to where the low viscous formulations lie. As all the tested ranitidine 

formulations were suspensions, except for glycerin, it appeared that the speed of around 

10 𝑠−1was an indication of an emerging region for these tested formulations. Beyond this 

speed, very little change occurred between formulations, despite what their original 

properties were. Therefore, this supported what Batchelor et al. explained about the 

significance of slow speeds for viscous liquid medications (Batchelor H. 2015). If we 

consider this in a more simplified point of view, liquids whether they are suspensions or 

not, does not take long to process in the mouth and the prediction would be that higher 

shearing speeds are not necessarily happening in the mouth for liquid products because 

the duration in the mouth would not be long enough for shearing at those velocities to 

occur.  

The low viscous formulations, including most of the over the counter products 

tested, have less fluctuations of viscosity values from initial to the rest of the shear rates, 

compared to highly viscous formulations. This may also suggest that thin liquids are 

complex than thicker, high viscous liquids, where viscosity values greatly altered during 

shearing process. The presence or the absence of particles also seemed to impact on 

viscosity. The viscosity value of glycerin remained high compared to other formulations, 

which made sense as there were no particles that further contributed to the grittiness that 

may interrupt the smoothness of lubrication and thick film formation. Comparing the 

viscosity of glycerin with other formulations, the impact of particles in liquids influenced 

the overall trend of viscosity values during processing. Particles which contributed to the 

gritty texture of these formulations, initially created an instability in the fluid and only 
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after certain shearing speed was attained, a level of consistency was reached and viscosity 

remained stable. From this, we can predict that up to around 20 𝑠−1 was what is needed 

for these particular formulations to stabilized to be transferred from oral cavity to 

pharyngeal phase of swallowing (Fig. 12b, c). 

 

Figure 12 Comparing the viscosity of OTC and ranitidine formulations. (a) Viscosity of formulations during increasing 

shear rates. Most dynamic changes between products occur during the first 10𝑠−1shear rates. 
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Figure 12 Comparing the viscosity of OTC and ranitidine formulations. (b) Initial viscosity values for OTC products 

and (c) ranitidine formulations during slower shear rates of up to 20𝑠−1, but focusing on shear rates between 0-

10𝑠−1as low speeds are significant for liquid formulations. 

 

Assessment of the Transpore™ Surgical Tape 

 The Transpore™ surgical tape was used for all tribological experiments to recreate 

the rough texture of the tongue (Godoi F.C. 2017). The tape was placed on top on of the 
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stationary stainless-steel base of the DHR-2 Rheometer. The elasticity and the 

permeability of the Transpore™ tape had the formulations trapped in the pores of the tape 

once samples were loaded. Upon observation, further absorption seemed to happen as the 

geometry head interacted with the base surface. The diagrams in Fig. 13 show a 

magnified yet simplified depiction of the tape and the prediction of the interaction 

between tape surface and the formulation. Because we were using a surgical tape, it must 

be porous for the skin or the wound to breathe and heal. In Fig. 14a, there were pores 

patterned on the tape surface and the size of the pores is large enough for samples to be 

absorbed. As seen in Fig. 14, the before and after microscopic images indicated the 

sample, acting as a lubricant, filled the small holes within the tape and created a film 

layer that reduced the rough texture of the tape. The absorption and deformation of the 

tape reflected the natural occurrence of the tongue and palate interaction and absorption 

that happens in the tissues of the oral cavity. 

 

Figure 13 Magnified diagram showing the interaction between tape surface and formulation application for rheology. 

(a)Simplified view of the tape surface. (b)View of the initial loading of sample onto tape. (c) More of the sample into 

the porous tape after surface interaction. (d) Sample still present after washing with distilled water. 

Bird’s eye view of the 
tape.

Hole in the tape

3D vertical view of the tape with 
sample loading before shearing.

Sample

Height of the tape

Sample gets 
in between 

the gaps 

View of the tape after shearing.
View of the tape after shearing 
and then washing.

Still some 
samples on 

the surface

d

b

c

a



 62 

 This interaction between the tape surface and the formulation must have some 

influence in our observation of COF and the formulations’ viscosity over the course of 

increasing sliding speed. After the surface interaction between the tape and the geometry 

head, the testing sample on the tape was washed with distilled water (Fig. 14g). It showed 

that there was definite deformation on the tape due to the force exerted by the geometry 

head and the rotational movement of the head, which caused displacement and absorption 

of the formulation onto the tape surface. It was difficult to recognize the pores on the tape, 

so there must be a film coating on the surface. This film formation is important in the 

hydrodynamic lubrication regime as the coating contributes to lower COF. 

Surface is an important indicator of tribological outcomes, and therefore COF. 

However, there seem to be no one simple explanation that can define the relationship 

between surface roughness and COF, as shown in the experiment with UHMWPE 

instrument (Menezes P.L. 2016). It was clear that COF depended heavily on the texture 

of the surface. Our findings on tape deformation paralleled Menezes and Kailas’s 

experiment on how the degree of roughness on surfaces impact the perception of texture, 

without even considering about the lubricant contribution.  

When conducting the tribology with the full ring and the half ring geometry, both 

had formulations absorbed into the tape surface, however it was difficult to differentiate 

between the two geometries through this method (Fig. 14). More variety in rough 

surfaces may be needed to distinguish the two geometries. Our experiment did not 

explore the range in which the tape deforms or how much the formulations were absorbed 

before and after surface interaction, as this was beyond the scope of the experiment. 
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Figure 14 Microscopic images of before and after of the transpore tape ‘Before’ refers to the sample loaded onto the 

tape before initiating the experiment. ‘After’ indicates the sample and tape after the sliding of the geometry. (a) Images 

of the tape prior to sample loading. (b) Delsym. (c)Mylanta. (d) Pink Bismuth. (e) Versa Free. (f)Versa Plus. (g) Non-

Aspirin, ‘After Wash’ is taken after the geometry has rotated and then washed the tape with distilled water, verifying 

that the sample is embedded onto the Transpore™ tape. (h) Phillips. (i)Phillips after rotation with a full ring geometry. 

(j) Ibuprofen. (k) Ibuprofen, after the rotation with an axial force of 3N. (l) Ibuprofen, after the rotation using a full 

ring geometry head. 

 

Controlling Variables for Tribological Measurements 

 To learn about the surface interactions between the steel ring geometry head with 

the taped surface, there were different variables that served as candidates to represent the 

roughness of the tongue and the palate, and contributed to the tribological method that 

resulted in consistency and reproducibility. Several variables in combination were tested 

including; loading gap of 800 µm and 600 µm; axial forces of 1 N, 2 N and 3 N; pre-

shearing and no pre-shearing; and the type of geometry head.  
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Most literatures with tribological experiments used axial forces ranging from 1N 

to 3 N, and predicted that those ranges best paralleled the intensity of force that goes on 

within the oral cavity during intake of liquids. Fig. 15 compares the three axial forces 

using ibuprofen as a lubricant. The differences in COF as axial force changed, were not 

as evident for most of the OTC products that were tested. The changes in the axial forces 

here did not greatly show a difference within the same products tested, but the axial force 

did differentiate between different materials of geometry and formulation types (Fig. 15; 

Fig. 17). As our testing samples were suspensions, except for glycerin, low force should 

be used to process materials but there were also small particles to consider. Therefore, 2.1 

N was selected to increase accuracy of obtaining the axial force as close in proximity to 

2.0 N with sensitivity of 0.1 N. 

Different types of material used for the geometry and combination of those 

selected types were examined. Because we were looking for something that mimics the 

rough texture and interaction between the tongue and the palate of the oral cavity, 

materials including tape on steel base surface, and for the head geometry, polyvinyl 

chloride (PVC) half ring, steel half ring with taped surface, steel half ring and steel full 

ring. Fig. 16 summarizes and compares the different geometries used with ibuprofen as 

an example. The half steel ring geometry differed the most from the rest of the 

geometries. This may be due to the gaps in the half ring that reduced the constant 

physical contact between the geometry and the surface. Although there were no great 

differences, the inconsistencies using tape on half ring and PVC half ring eventually lead 

us to select for the full ring steel geometry head. The use of the full ring reduced some of 

the possible disadvantages of using the half ring, such as the corners on the half ring. For 
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some samples, the corners on the ring caused coagulation of the liquid samples as the 

sliding speed increased, thereby not having enough samples between the surfaces and the 

lubrication properties of the sample may not be as accurate. 

 

Figure 15 Comparing axial forces with ibuprofen. Conditions were full steel ring geometry, taped surface base, 800µm 

gap and sensitivity of 0.1N. 
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Figure 16 Comparing different geometries to see how they alter the surface interaction. The tribology procedure for 

the full steel ring was 800µm loading gap, 2.1 N of axial force, sensitivity of 0.1N and no pre-shearing unless specified. 

The rest of the geometries were conducted the same way except for the loading gap of 600µm and 2N axial force. 

 The idea behind pre-shearing was to simulate the shaking the bottle of the product 

before ingesting the medication. Also, considering that an experimenter’s application of 

the sample onto the instrument could be considered uncontrollable, so by having pre-

shear, we were able to have a more even coating of the sample onto the instrument and 

therefore, each measurement could start at a similar state of coating onto the surface. 

However, we may be losing the unrefined regions of the data that may be present at the 

beginning stages of the measurement. Further investigation resulted in discarding the idea 

of pre-shearing. When we applied the formulations onto the instrument, the liquid must 

be shaken and mixed well before loading the sample because it is a suspension, so there 

was no need to include pre-shearing. In addition to this, the instrument started to measure 

COF after conditioning of the sample to 1N axial force and by that time, surface 

interaction has already begun. But recordings of measurements started from our 

designated 2N axial force. Therefore, all formulations should have a higher COF with 
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pre-shearing than without pre-shearing because COF is concerned with the friction 

between two surfaces. Having no pre-shearing made a better option to take the recordings 

and would most closely parallel the overall scenario of intake of medication and 

processing in the mouth.  

Through experimenting with variables of the rheometer, a finalized version of a 

tribological method that was specific to DHR-2 Rheometer to measure liquid 

formulations was developed. For the OTC formulations, 2.0 N axial force, 0.1 N 

sensitivity, 600 µm loading gap, no pre-shearing, steel half ring geometry and tape 

surface were used. Adapting from this, the ranitidine formulations were tested in 

conditions where 2.1 N axial force, 0.1 N sensitivity, 800 µm loading gap, no pre-

shearing, full steel ring geometry with tape surface were used. 

 

Comparing Tribology of OTC and Ranitidine Formulations 

 From the variables tested with some of the OTC products, the specific 

methodology for DHR-2 Rheometer was developed. The average values using this 

method are summarized in Fig. 17. Low to intermediate shear rates in the boundary and 

mixed lubrication regimes were considered more important (Batchelor H. 2015). As 

hinted previously, these slower speeds were described well through tribological concepts. 

In Fig. 17a, there was diversity in the shape of the graphs of formulations as sliding speed 

increased. This explained how much variations existed, in terms of texture that can be 

perceived with OTC products. Formulations such as Non-Aspirin showed the lowest and 

the highest COF as speed increased. This corresponded to the fact that Non-Aspirin was 

considered highly viscous, as evidence from rheology and the physical observation of the 
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thickness of the liquid. The minimum COF was likely to be caused by having enough 

buildup of film formation and the increasing COF at higher speeds may be due to the loss 

of film, deformation of surface interaction and displacement of the formulation as sliding 

of the geometry became faster. All formulations showed maximum and minimum COF at 

different sliding speeds, and there were stability of COF values once certain speed was 

reached, which was slightly different for each formulation. This characterized each 

formulation, and so our perception of these individual products had to be different. 

When observing Fig. 17b with the ranitidine formulations, there was a definite 

categorization of formulations into three main groups, not including the control, glycerin. 

Unlike in rheology where formulations could be separated based on viscosity, tribology 

seemed to segregate formulations based on gritty texture, which overrode most of the 

effects of viscosity or thickness of formulations. This was because a formulation with 

high viscous and high gritty texture, seemed to show significant effects of roughness and 

grittiness. Thus, the thickness of liquid did not mask the gritty textural effects for these 

formulations, which contradicted the experiment by Batchelor et al. where the 

contribution of viscosity was able to mask the roughness (Batchelor H. 2015).  

The ranitidine formulations were suspension, so particles would contribute to 

COF. The speed at which formulations reached the maximum and minimum COF 

differed. Formulations 3, 4, 7 and 8 were considered highly gritty. They reached their 

maximum COF at slower speeds and exhibited the highest COF for all tested ranitidine 

formulations. Although the same di-calcium phosphate was added to all formulations, 

consisting of the same size and shape, the differing percent compositions of di-calcium 

phosphate may have created a rough texture that interacts with the surfaces. As stated 
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earlier, displacement of formulations during interaction of the two surfaces may have 

caused the liquid portion of suspensions to be displaced more than the particles, so more 

surface area for direct contact to occur between particles and the surface, which also 

influence COF. Lower grittiness in formulations 1, 2, 5 and 6 have the lowest COF and 

reached its maximum value at higher sliding speeds, compared to highly gritty 

formulations. Because there was less percent composition of di-calcium phosphate and 

more of the viscous liquid portion, the displacement of formulation may need a higher 

velocity to increase COF. There was also less variation between high and low COF 

values throughout the increasing sliding speed period, and values were more stable 

throughout. We suspect that particles in these types of formulations contribute greatly in 

oral grittiness or rough mouthfeel, which were prominently felt during ingestion. The 

concentration of particles and size (although not a factor in our studies) increased oral 

grittiness perception, and therefore higher the grittiness, more viscous liquids were 

needed to try and mask the rough effects (Lopez F.L. 2016).  

For most of the formulations that were tested, there was emerging of COF values, 

similar to the way viscosity was in rheology. Especially for the ranitidine formulations, 

this was very evident (Fig. 17b). As the sliding speed increased, the different attributes of 

each formulation were independent of the speed and the continuous axial force pressure. 

The tape is like the tongue, soft and deformable. The sliding speed may have deformed 

the tape surface, so that the roughness was reduced to the extent where no more 

deformation could occur with COF decreasing after reaching its peak (Vliet T. 2009). 

It was difficult to see the hydrodynamic lubrication regime at higher speeds with 

the tested formulations. Many other studies involving thick viscosity formulations such as, 
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thick creams or custard also showed only the boundary and the mixed regime, and the 

indicated speed did not show much of the hydrodynamic regime. Although the higher 

speeds could be better represented by rheology due to the dependence on the attributes of 

liquid formulations, it would be interesting to see what difference or similar properties 

arise in the hydrodynamic region through tribology, because we will be combining 

surface attributes to viscosity and COF. It has been mentioned in some literatures of the 

importance of the hydrodynamic lubrication regime as this region help differentiate 

between different formulations. Therefore, a different approach and perspective to the 

classical tribological method may be needed to further study this concept. 
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Figure 17 Average COF of (a) OTC liquid products, (b)Ranitidine formulations  
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Figure 17 (c) and (d) shows a different depiction of same values shown in (a) and (b). 
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Conclusion 

 Through the specific rheological and tribological methods in our study using 

DHR-2 Rheometer, we were able to observe the variations in properties of commercially 

available oral liquid formulations and compare them with the ranitidine formulations. 

These formulations exhibited non-Newtonian behavior and shear thinning characteristics, 

which were expected for most liquid medications. The ranitidine formulations showed 

variations in texture and the OTC products situated near the intermediate to lower 

viscosity and COF measurements of the ranitidine formulations. By developing a wide 

variety of formulations, allowed us to validate our estimation of perception for clinical 

studies, although this is beyond the scope of this thesis.  

The contribution of viscosity or thickness of film and grittiness were different to 

different studies. For rheology, the thickness of fluids seemed to contribute to the 

viscosity outcomes, whereas for tribology, the effects of grittiness through varying 

concentrations of di-calcium phosphate seemed to overpower the results of COF, even 

with a high viscous formulation. The findings through this study estimated how much 

influential gritty texture has on our perception of texture. A further study on particle size, 

shape and concentration may help answer some questions about its contribution to the 

overall sensory perception. However, this interaction through rheology and tribology 

seemed to vary or even unrelated depending on the testing formulation, as some similar 

studies did not show correlation between the two principles (Huc D. 2016). Therefore, 

this area of study can be unpredictable and may be specific, as results may vary according 

to testing conditions and the testing substrate. 
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Chapter 4: Understanding the Physical Properties of Liquid 

Medications Through a Non-Classical Tribological Approach 

 

Abstract 

 The hydrodynamic lubrication regime of the Stribeck curve constitutes regions 

that help differentiate between formulations because this is where separation of surfaces 

arises due to film formation of formulations occur. Due to the limitations of the 

traditional Stribeck curve to fully capture this region, a different tribological approach to 

visualize the hydrodynamic regime is conducted. Our technique is to use the high sliding 

speed of 10 rad/s found in the early hydrodynamic lubrication regime of our ranitidine 

formulations, and maintain that speed while axial force increases. This uncommon 

tribological approach allows us to explore this lubricating regime, as well as appreciate 

the sophistication of the DHR-2 Rheometer to record many variables including, gap, 

apparent coefficient of friction (COF) and frictional viscosity through tribology. The 

terminology used here is slightly different to the common rheology and tribology; 

viscosity becomes frictional viscosity which is the viscosity of the testing formulation 

while in motion, and apparent COF concerns with the involvement of particles and how 

they impact on the friction of two interacting surfaces. We see that the early stages with 

low axial forces in this region are important in understanding variations between 

formulations, and beyond those forces creates a more static response and their variations 

merge despite their percent composition. Furthermore, it supports the idea that liquid 

suspensions require less force and less processing time than solids or other hard products.  
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Introduction 

 Oral processing is a multidimensional phenomenon that involves more than just 

two surface interactions. Combining measurements of rheology and the classical 

tribological Stribeck curve, provide the basic framework needed in in vitro studies on 

textural perception. Besides the Stribeck curve, some other important components of 

tribology constitute velocity (sliding speed between surfaces), applied load (also called 

axial force), film thickness and the arrangement of liquids beyond viscosity through 

rheology measurements (Luengo G. 1996).  

 The hydrodynamic lubrication regime of the Stribeck curve is found during high 

velocity of oral processing. Clasen (Clasen C. 2013) explores the relationship between 

tribology, hydrodynamic lubrication and rheology to observe how similar and different 

they can be. As stated in Clasen’s paper and our definition of tribology and rheology, 

hydrodynamic lubrication regime is best described through rheological measurements. 

The separation of surfaces is primarily based on the film thickness which depends on the 

viscosity of formulations. In addition to this, Clasen states that tribology and rheology are 

similar in terms of experimental point of view. Shearing force in tribology is the force 

that is transferred between two interacting surfaces with a lubricating material in between, 

and this same force in rheology is the transmission between two shearing surfaces due to 

the nature of the fluid. Gap and velocity plays an important role in defining the 

hydrodynamic lubrication. The gap distance between the two interacting surfaces and the 

viscosity of the fluid at high shearing velocity are what separates the surfaces in the 

hydrodynamic lubrication regime. A study conducted by Kavehpour and 

McKinley(Kavehpour H.P. 2003) also demonstrated the importance of gap dependent 
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rheology and tribology. As we focus on suspensions, particle involvement and gap should 

have some correlation to explain the oral processing and therefore, the outcome of 

textural perception. In this chapter, we will focus on the hydrodynamic lubrication regime 

through an alternative tribological approach. Through the influence of many studies and 

the ability of our DHR-2 Rheometer to conduct such type of experiment, we can explore 

how the relationship of having constant strain or sliding velocity has on the formulations 

with increasing axial force and time.  

Ranitidine formulations used in this experiment are suspensions with small 

particles of di-calcium phosphate in liquid. As seen in previous chapter, the presence of 

particles affected the outcome of perception, in terms of roughness and smoothness. The 

optimal size and amount of particles are critical for an acceptable and palatable 

suspension development. This may be more critical for the younger demographic whose 

taste and texture of medication are extremely important for their adherence (Jacobs 2014). 

If the size of particle is too large, it will contribute greatly to the grittiness texture and 

surface interaction may break the particles for extremely large particles, but very small 

particles can linger in the mouth, leaving an after taste (Frey C.R. 2014). This means that 

an optimal size is needed depending on the type of liquid. Therefore, depending on the 

size of particles, the extent of particle interaction with surfaces may vary. Particles affect 

formulations in different ways, such as particle size and coating levels and the effect of 

distribution for drug release (Frey C.R. 2014). Therefore, having small particles will 

suggest that the bulk surface size will increase and require higher coating levels to 

produce a thick consistency, and have more surface area for faster drug release than 

larger particles. A smooth texture has small particles for suspension, and an already gritty 
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textured liquid may be able to accommodate larger particles, so that the presence of 

particles does not enhance the gritty and unfavorable texture. Particle sizes of around 

1400 µm to less than 50 µm are considered optimal for normal suspensions, but need to 

keep in mind of the other requirements to manufacture formulations may alter this 

slightly (Frey C.R. 2014). Although we are only considering with one type of particle in 

this experiment, the contribution of the particular size of di-calcium phosphate and the 

percent composition relates to the concepts mentioned.  

 

Materials and Methods 

Materials 

 The materials used for this test was the same as the tribology experiment in 

Chapter 3. DHR-2 Rheometer (TA Instruments, Waters LLC, New Castle, DE, 2016) 

with the stainless steel full ring geometery. The ranitidine formulations (percent 

composition shown in Table 2) were prepared the same way as in previous experiment 

with the inactive ingredients purchased from the lab: Avicel RC-591® (microcrystalline 

cellulose and carboxymethylcellulose sodium, NF, BP; LOT DN04814365, Newark, 

DE)), dicalcium phosphate dehydrate (Innophos, LOT 452633, Cranbury, NJ), sucrose 

and purified water. Glycerin (LOT 135194, USA) was used as control. 3M Transpore™ 

surgical tape (3M Health Care, USA) was used as the base surface. 

 

The Non-Classical Tribology 

 Due to the limitations experienced through the classical tribological method with 

the Stribeck curve, a different approach was used to observe formulations during the 
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hydrodynamic lubrication regime. This region is usually rheology dominated because the 

thickness of the film is what separates the two interacting surfaces. However, through this 

method, we are considering both the property of the liquid formulation such as viscosity 

and film formations, as well as the surface interactions. Therefore, this gives us 

information about the formulation as it is interacting with surfaces in the hydrodynamic 

region. 

The previous tribological method used in Chapter 3 involved constant velocity 

and changed the axial force to obtain the Stribeck curve. A non-classical tribological 

approach was a constant velocity and changed the axial force to observe the effects of 

particles on the outcome of viscosity and COF in the hydrodynamic lubrication regime. A 

range of axial forces increasing from 1 N to 4.5 N was used, increasing in 0.5 N 

increments. Therefore, eight subunits, each representing the indicated axial force were 

tested. A lot of literature have shown that only low forces of pressure are needed for 

processing and swallowing liquid products, but the high axial forces were used here to 

explore if different forces may elicit variations in responses (Huc D. 2016). Axial force 

was ramped up in an ascending order, each lasting 120 seconds with a constant velocity 

of 10 rad/s. This specific strain was selected based upon our previous tribology results in 

Chapter 3. The early hydrodynamic regime appeared around the velocity of 135000 µm/s 

which corresponds to near 10 rad/s. Through this constant velocity, we aim to see beyond 

what the Stribeck curve presented, as well as the variations that may occur during this 

sliding speed.  

 The rest of the procedure remained the same as the classical tribological approach 

used in Chapter 3. We used a disposable pipet to create a ring a circumference 
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approximately the same as full ring geometry (32 mm) on the steel Peltier base that has 

the tape applied. There was no pre-shearing, therefore, the very first stages of the results 

may be an important determinant of the characteristics of the testing formulations and 

surface interactions. Upon loading of the sample, the full ring geometry head was 

lowered to the loading gap of 800 µm and then start the measurement with the initial 

axial force of 1N and sensitivity of 0.1 N, each force lasting for 120 s. The same 

conditions were repeated three times to validate our findings. Fig. 18 shows examples, 

formulations 1 and 3, of what is recorded through this non-classical approach.  
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Figure 18 Examples showing what is recorded through non-classical tribology. (a) Formulation 1 is an example of a 

low gritty texture and (b) formulation 3 is an example for a high gritty texture. The load force increases from 

approximately 1 N to 4.5 N and each subunit of the axial force presents COF at constant velocity of 10 rad/s. 

 

Results and Discussion 

 The purpose of studying the hydrodynamic lubrication regime was to further learn 

about these suspensions and their interaction with surfaces. Because the Stribeck curve 

did not show enough of what happens in the hydrodynamic regime, applying a constant 

speed that corresponds to this region and gradually altering the axial force, allowed us to 

observe frictional viscosity and apparent COF values. The gap decreased as axial force 

increased, and frictional viscosity increased as apparent COF increased initially but less 
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change showed with further increase in forces. The hydrodynamic regime of the Stribeck 

curve and the constant velocity method validates the hypothesis that high gritty 

formulations showed both high viscosity and high COF in these regions.  

 

The Effects of Constant Velocity 

 The strain or sliding velocity of 10 rad/s remained constant throughout non-

classical tribological experiment. The only manipulation was on ramping up the axial 

force. The main purpose was to see the effects of particles and how they contributed to 

the important variables, such as viscosity and COF. The important variable in this 

experiment was the frictional viscosity, which was directly recorded from the rheometer 

using an equation (Eq. 3). Frictional viscosity is the ratio between frictional stress and 

angular velocity. Therefore, the definition of viscosity here was not purely from the 

properties of the formulation shown in rheology, but was influenced by the 

environmental changes such as, axial forces and interruptions from interacting surfaces. 

This showed variations in the state of formulations, based on their ability to lubricate, 

resist and change during the initial phase of oral processing. The rheological viscosity 

value was only based upon the formulation and less concerned about the type or force 

elicited through surface interactions. 

𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝑃𝑎. 𝑠) =
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠 (𝑃𝑎)

𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦,𝛺 (
𝑟𝑎𝑑

𝑠
)
    Eq. 3 

As indicated in Fig. 19a, frictional viscosity increased with increase in axial force. We 

can analyze the results by separating formulations by their percent compositions of di-

calcium phosphate which contributes to the gritty texture. We first observe the early axial 

forces, such as 1 N and 1.5 N. High gritty formulations (3, 4, 7, 8) showed initially a 
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higher gap and low (1, 2, 5, 6) and intermediate formulations (9, 10) showed lower gap 

distances, this is expected as particles seem to contribute to the film thickness and 

therefore, the more particles we have, larger distance between surfaces. All formulations 

increase in frictional viscosity as the axial force increased. According to Godoi et al. 

(Godoi F.C. 2017) if particles are small enough with enough force, they may get 

embedded onto the rough surfaces and the wells of the tape. This may increase the 

lubrication and coating ability of formulations and surfaces because we are reducing the 

roughness of the surface. Therefore, we may be decreasing the frictional effect with 

increasing axial force, and so we observe an increase in frictional viscosity. Some of the 

high gritty formulations showed a slightly higher frictional viscosity, which may be due 

to more particles pressed downed to the rough surface of the tape.  

 The apparent COF seemed to show similar responses as the frictional viscosity 

(Fig. 19b). High gritty formulations initially showed a higher gap due to the higher 

percent of di-calcium phosphate. They showed a low apparent COF at lower axial forces 

which may indicate that particles have filled the rough surfaces of the tape and so 

increased the lubrication and surface coating. In addition, as having more particles 

increased the gap, di-calcium phosphate in these high gritty formulations may act like a 

second layer that separated the two surfaces from interacting, therefore reducing apparent 

COF. The effect of particles seemed a little different from the mixed and boundary 

regime of the Stribeck curve, and this type of behavior may be unique for these types of 

suspensions in the hydrodynamic regime. Low and intermediate gritty formulations all 

exhibited lower gap distances at early axial forces due to less particle involvement. 

Therefore, looking at the results, there was a clear involvement of particles affecting the 
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outcome of apparent COF. At higher axial forces, around 3 N or above, some high gritty 

formulations seem to slightly decrease apparent COF and some low gritty formulations 

slightly increased at these higher axial forces. Again, the particles and rough surface 

contact may have an effect on this outcome. So, the more particles we have with higher 

pressure from the axial forces, it is more likely that particles will be forced to fill the 

roughness and gaps of the tape that deforms the texture of the tape surface.  

 

Figure 19 The relationship between gap and axial force, and their effects on (a) frictional viscosity and (b) apparent 

COF. Both graphs read from right to left as the gap decreased according to the increase in axial force. Axial forces 

start with 1 N to 4.5 N as indicated by each dot on the line, moving from right to left.  
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Gap Dependent Tribology 

 Because our ranitidine formulations were in the form of suspensions, we further 

considered the contribution of particles and how they affected the gap between surfaces 

with increasing axial forces. Axial force inversely correlated with gap: as axial force 

increased, the gap between two interacting surfaces came closer together. Through visual 

observations and correlations shown between values of gap and axial force, there seemed 

to be displacement of the liquid portion of formulations as gap decreased to reach a 

specified axial force. The particle involvement may influence the extent to which 

formulations get displaced as surface interaction initiates with force. This was evident as 

there were differences in measurements between high and low gritty formulations. 

For most formulations, the initial axial forces of 1 N and 1.5 N seemed to play a 

major role in the hydrodynamic regime to determine the property of formulations as axial 

forces beyond 1.5 N did not show significant differences and most responses seemed to 

merge despite their percent composition of the inactive ingredients. Douaire et al. 

(Douaire M. 2014) had similar findings with their tests on emulsion droplets. Near the 

elastohydrdynamic regime (equivalent to the hydrodynamic regime), viscosity did not 

change greatly with increase in applied load. This meant that once the film formation 

have occurred in this regime, further pressure did not largely impact on the film (Douaire 

M. 2014). Looking back at Fig. 19, there was a point on the graph where there was no 

significant difference in apparent COF with increasing axial force in the hydrodynamic 

regime. If apparent COF does not change greatly, it may also impact on frictional 

viscosity because film thickness no longer has further influence to decrease interaction 

between surfaces as shown in apparent COF. Therefore, higher axial forces may 
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overpower the responses of these variables due to the high compressional effects on 

formulations. 

In Fig 19a, there was a steady increase in frictional viscosity as gap decreased 

with increase in axial force. For axial forces beyond 1.5 N, frictional viscosity increased 

for all formulations. The differences between high viscous formulations (2, 3, 6, 7) and 

low viscous formulations (1, 4, 5, 8) were not significantly visible. This pattern was 

similar when we categorize the same formulations based on high (3, 4, 7, 8) and low (1, 2, 

5, 6) grittiness, where there was no significant differentiation between them. This proved 

that the initial steps for oral processing are probably most dynamic and important to 

understand the textural effects of suspensions. As shown in Fig. 19b, apparent COF 

values also merged and have lost the variability between formulations as gap decreased 

further. 

Frictional viscosity increased with increase in axial force, but apparent COF 

increased initially but showed variability at higher forces (Fig. 19). As gap decreased due 

to increasing axial force, the apparent COF reached a maximum and then started to 

slowly decrease for most formulations. There seemed to be more linear increase in 

friction for formulations 1 and 5 which had low viscosity and grittiness composition. 

Again, an emphasis should be given to the initial two starting axial forces, where the 

biggest variables existed between formulations.  

As all the formulations included small particles of di-calcium phosphate, the 

rheometer seemed to be unstable during the start of the measurements due to 

interruptions from the particles, and especially formulation with higher concentrations of 

di-calcium phosphate. It was speculated that any instability during the initial stages was 
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probably due to the non-parallel particle arrangement on the surface of the rheometer as 

the particles resided in between surfaces unevenly. As we established the concept of 

decreasing gap as axial force increases, formulations with low viscosity or thin films 

were more likely to escape from the surfaces and leaving behind some particles between 

the surfaces and increasing apparent COF. A similar theory, testing with oil lubricants 

showed this type of behavior (Fryza J. 2017). 

These findings suggested that both viscosity and grittiness participated in creating 

a larger distance between surfaces in contact. The thick film formation at the 

hydrodynamic region may not be the only factor that decreased COF shown in the 

Stribeck curve, but the presence of particles that contribute to the grittiness could also 

decrease friction between interacting surfaces by becoming more like another layer to 

separate surfaces at lower axial forces. However, at higher axial forces, there may be 

combinating effects of formulation displacement and particles reducing the roughness of 

the tape upon high compression.  

 

Comparing the Two Tribological Methods 

 The two different tribological methods allowed us to observe tribology in 

different perspectives. The attempt from the constant velocity approach was to observe 

more in detail about the hydrodynamic region which was difficult to observe with our 

ranitidine formulations in the Stribeck curve. The two methods were compared to see if 

there was any correlation between methods, as well as validate the new approach.  

The Stribeck curve was conducted with 2.1 N axial force and to compare this with the 

constant velocity method, we averaged the apparent COF value at 2 N. Therefore, the 
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COF at 2 N was used to compare the two methods. In terms of the values of COF, the 

two methods could be used to validate each other. The line of best fit presented on Fig. 

20a showed a straight line through the formulations indicating there was some validation 

and correlation between the methods. In addition, Fig. 20b helped visualize the location 

of formulations with each other and correspond to percent composition of their inactive 

ingredients that contributed to grittiness and viscosity.  

There was a distinct separation between groups based on high or low di-calcium 

phosphate concentration or grittiness. Formulations 3, 4, 7 and 8 have high gritty texture 

and were in the high COF region; formulations 9 and 10 are in the middle; and 

formulations 1, 2, 5 and 6 have low grittiness, found at the lower region of COF. Whether 

a formulation has high or low viscosity, it appeared that grittiness had a greater influence 

on the frictional properties of surface interactions, and that the percent viscosity in these 

formulations were not enough to mask the gritty texture because formulations showing 

high COF also had high viscosity. There was segregation of formulations into two groups 

based on their gritty texture. Looking at each point on the two graphs, there was 

verification in our methods due to the closeness of values, and their linear representation 

as these ranitidine formulations were developed to create diverse range of viscous and 

gritty texture. 

 By observing the results from both methods, we can further understand some 

possible contributions of why we may see separation in responses based on percent 

composition of the inactive ingredients of our ranitidine formulations. Also, by 

understanding the correlation between particles and the gap and axial forces, we can 

further predict the outcomes of viscosity and COF between surfaces in contact.   
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Figure 20 Trend line showing the relationship between two tribological methods. (a) viscosity was used to compare 

and (b) COF was used to compare if there is a correlation between two methods. 

Conclusion 

 Most oral medications are in the form of suspensions, including our testing 

ranitidine formulations. The thickness of the film through viscosity and the presence of 

particles influenced the overall relationship between formulations and surface 

interactions in the hydrodynamic regime. The non-classical approach for tribology helped 

conceptualize the involvement of particles on gap and axial forces to understand the 



 89 

textural perception during oral processing. Although this region theoretically dominated 

by rheological principles, utilizing tribological theory created another perspective of 

surface interactions.  

The gap between surfaces were sensitive to the presence of particles. The 

thickness or viscosity of formulations did not have a huge impact as much as particles. 

Therefore, there was prominent difference in COF between gritty textured formulations, 

even with high viscosity. Particles seemed to contribute to reduce apparent COF and 

increase frictional viscosity in the hydrodynamic regime. They may reduce the surface 

roughness by particles filling in the roughness and wells of the tape surface which may 

create some deformation, surface coating and lubrication. Also, particles may interrupt 

the displacement of formulations during interaction with surfaces and pressure from axial 

forces.  

Comparing the classical tribology and the constant velocity approach, they both 

showed similar results of COF and viscosity. This proves that the non-traditional 

approach of having constant velocity validates the values obtained. The results clearly 

present that the presence of particles affect the outcome of frictional viscosity and 

apparent COF.  
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Chapter 5: Conclusion 

 The results from rheology and tribology both contributed to understanding the 

relationship between formulations and the surfaces they touch. The texture from the 

formulations and the surfaces are both involved in sensory perception. These concepts are 

distinct but inter-related principles that describes liquid formulations and their interaction 

with surfaces. We cannot explain the rheology of a formulation without understanding 

about their interaction with surfaces through tribology. For our particular formulations, 

particles seemed to have a greater influence on tribology and less so in rheology.  

The first critical point of our study was to study this new type of rheometer called 

DHR-2 Rheometer and its capabilities to utilize its advantages to reflect some surface 

interactions between the tongue and the palate. The conflicting texture of smoothness and 

roughness are both present in the mouth, the tongue providing most of the roughness and 

the palate providing most of the smoothness. We were able to use synthetic materials for 

geometry and surfaces, manipulate gap distances and record many parameters beyond 

viscosity and COF. For rheology, parallel plate geometry and for tribology, stainless steel 

full ring with Transpore™ tape surface was used.  

For most formulations, increasing viscosity showed decreasing COF to a certain 

sliding speed. This means that as viscosity increased, the liquid produced a thick film that 

separated two interacting surfaces and when the distance increased, friction between the 

surfaces will also decrease. Beyond certain sliding speed, COF started to increase where 

the effects of viscosity and film formation no longer supported the presence of friction 

between interacting surfaces. The tested OTC formulations showed intermediate to low 

viscosity and COF values compared to ranitidine formulations, which showed a wide 
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range of viscosity and COF. The testing of all the diverse formulations helped us 

understand more about already existing liquid products as well as novel products, and 

their influence upon surface interaction. 

The gap between two surfaces plays an important part in determining the 

relationship of interacting surfaces and the testing formulations. The hydrodynamic 

lubricating regime has been studied to observe the effect of particles and the overall 

formulations in more detail, which is beyond what the rheological studies tell us. The gap 

and the axial force are inversely correlated; as the gap decreased, axial force increased. 

During oral processing, the gap between surfaces will gradually decrease. The major 

trend was that a decrease in gap, increased viscosity and COF until it reached a stable 

point where no further significant changes occurred. The increasing viscosity proved the 

theory of the formation of a thick film layer during the hydrodynamic regions. Viscosity 

increased very slowly at the early stages, and during this stage, COF steeply increased, 

indicating that the thickness of the film could not support the two interacting surfaces. 

However, as gap decreased further, viscosity dramatically increased and COF reached a 

plateau where it either started to decrease or remained almost constant, showing the 

presence of film formation to separate the surfaces.  

The effect of particles in formulations became clearer in both tribology and the 

constant velocity approach. The boundary and the mixed regimes shown in the Stribeck 

curve indicated that particles caused grittiness that reduced the lubrication and coating 

ability. With the constant velocity approach, the hydrodynamic regime showed that high 

concentration of particles with increasing axial forces suggested a different role of 

particles influencing the outcome of frictional viscosity and apparent COF. We predict 
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that particles seemed to reduce the roughness of the tape surface as more force was 

applied to embed particles into the surface and the wells of the tape. This cause slight 

increase in lubrication and coating of surfaces for high gritty formulations. Therefore, it 

can be predicted that surface texture, axial forces and the speed in which two surfaces 

interact were important components for analyzing suspension type of formulations with 

particles.  

From this study, it became prominent that the idea behind textural perception was 

not a simple process. The dynamics and the unpredictable nature of the human anatomy 

were difficult to imitate using an in vitro instrument. Although there were definite 

limitations to this approach, our insights into rheology and tribology guided us to a 

prediction of what may happen to our perception of texture during oral processing, which 

may become useful to refine formulation production and before conducting further 

studies. 
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