
Investigating the Use of Instrumental Techniques to Evaluate Apple Texture 

Quality 

by 

Min Sung Kim 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Master of Science 

in 

Food Science 

Guelph, Ontario, Canada 

© Min Sung Kim, September 2020 

 



ABSTRACT 

INVESTIGATING THE USE OF INSTRUMENTAL TECHNIQUES TO EVALUATE APPLE 

TEXTURE QUALITY 

Min Sung Kim 

University of Guelph, 2020

Advisor(s): 

Dr. Lisa Duizer 

Dr. Alexandra Grygorczyk

The objective of this study was to investigate the use of various instrumental techniques to 

evaluate various apple textures. As apple texture is a key driver in consumer preferences of 

apples, having a rapid tool to screen for desirable apple texture in breeding programs would be 

an important asset in the development of high-quality apples. However, due to the complexity of 

some apple textures attributes (e.g. crispness, juiciness, and mealiness), identifying instrumental 

measurements that produce consistent correlations with all of the key texture attributes has been 

a challenge. Instrumental measurements from various instruments such as the penetrometer, 5-

blade Kramer shear, and various tribological instruments were used to correlate with sensory 

evaluation of texture attributes of apples. This study found various instrumental measurements 

that significantly correlated with apple texture perception, with the friction rig being the most 

appropriate instrument for use by the horticulture industry.
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1 Introduction 

Whether it is a Honeycrisp or a Granny Smith, apples (Malus domestica) are one of the most 

popular fruits worldwide. In fact, apples are one of the most produced fruits worldwide (FAO 

2017) and in Canada, they are the most abundant fresh fruit with over 350,000,000 kg of apples 

being produced in 2018 (Agriculture and Agri-Food Canada, 2018). Apples are unique in the 

fruit and vegetable sector as there is such a large range of varieties available to consumers, which 

consumers recognize by name. Thus, it is very important to know what drives consumer 

preferences in apples. Previous research has shown that although there may be a difference in 

what consumers prefer in the taste/flavour of an apple, in terms of texture it’s been found that all 

consumers prefer apples that are juicy, crisp, and not mealy (Bowen, Blake, Tureček, & 

Amyotte, 2019). Considering how important these texture attributes are in apples, Ontario apple 

breeders aim to develop new varieties with these characteristics in mind in order to provide 

consumers with the very best locally produced apples to align with these preferences.  

Mealiness, is a texture attribute that is present in poor quality apples and is a negatively 

perceived attribute among consumers (Bowen et al., 2019; Harker, Gunson, & Jaeger, 2003). 

Although this is an important texture to measure in apples, the definition of mealiness vastly 

differs among sensory panels. Often, mealiness is described by multiple components, (Bowen et 

al., 2019; De Smedt, Pauwels, De Baerdemaeker, & Nicolaï, 1998; Jaeger, Andani, Wakeling, & 

MacFie, 1998; Segonne et al., 2014). However, descriptive analysis protocols advise against 

using complex attributes as it can be challenging for panelists to evaluate (Lawless & 

Hildegarde, 2010). Furthermore, because mealiness is a multicomponent attribute, it has been 

challenging to consistently predict mealiness instrumentally. As will be discussed in more detail 
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in the literature review (Chapter 2), some studies have shown strong correlations between 

instrumental measurements and mealiness (Ioannides et al., 2007; Mehinagic, Royer, 

Symoneaux, & Jourjon, 2006), while others observed poor correlations (Gálvez-López, Laurens, 

Devaux, & Lahaye, 2012; Zdunek, Cybulska, Konopacka, & Rutkowski, 2010). This lack of 

consistency may be due to these instruments not being able to fully measure the multiple aspects 

of mealiness resulting in unreliable correlations that may not be reproducible depending on the 

apple set used across studies. Therefore, a better understanding of the underlying components of 

mealiness is needed in order to develop hypotheses regarding which instruments may be able to 

mimic the physical or mechanical behaviours of apples in the mouth relating to each of the 

mealiness components, and thus together can predict mealiness perception. Chapter 3 outlines a 

study conducted to better understand the underlying components of mealiness by using a 

combination of time intensity (TI) and temporal dominance of sensation by modality (M-TDS) 

techniques.  

From the initial cross during breeding to retail market, the development and commercialization 

of a new apple variety is a laborious 15 to 20 - year process (Bowen et al., 2019). With apple 

breeding programs crossbreeding hundreds of varieties per year, the initial screening process 

typically involves the breeder or sometimes a small breeding team of 2 - 4 people going through 

the orchard, and selecting apples based on their personal taste preferences. Unfortunately, the 

breeder’s preferences may not be representative of the general population. Sensory evaluation of 

apple varieties through a trained sensory panel may be the gold standard (Murray, Delahunty, & 

Baxter, 2001), but considering the volume of apples that would need to be evaluated on a yearly 

basis, it would be neither economically viable nor physically possible to adequately review such 

a large number of apple varieties in a limited amount of time due to perishability. Thus, there has 
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been some emphasis on developing rapid techniques that can be used to screen texture attributes 

ease. Instrumental approaches can be cheaper, less time consuming, and can be used for high 

through-put as they are not limited by sensory fatigue (Peleg, 2006). Previous literature has 

shown correlations between texture attributes and parameters from various instruments such as 

the penetration force of the penetrometer (Ioannides et al., 2007; Mehinagic et al., 2006; Paoletti, 

Moneta, Bertone, & Sinesio, 1993), examining f   racture patterns using microscopy (Cybulska et 

al., 2010; De Smedt, Pauwels, De Baerdemaeker, & Nicolaï, 1998; Harker & Hallett, 1992), and 

sounds produced using acoustic methods (Piazza & Giovenzana, 2015; Zdunek, Cybulska, et al., 

2010). However, these studies have only shown correlations using a limited number of varieties. 

Furthermore, it has also been shown that instrumental correlations with texture attributes in one 

variety may not necessarily hold true for other apple varieties (Bowman, Kylen, & Adam, 1972; 

Roth, 2008). Therefore, it is important to identify sensory-instrumental correlations that hold true 

across all apple varieties if the method is to be applied in a breeding program. Chapters 4, 5, and 

6 outline the studies conducted investigating different instrumental measures to correlate with 

sensory attributes (juicy, crisp, mealy, and rate of melt (ROM)). These instruments were selected 

based on how they are hypothesized to relate to the underlying components of mealiness, 

determined in Chapter 3.  

Therefore, the overall aim of this project is to develop an instrumental procedure that can screen 

for apple varieties with high quality texture attributes (crisp, juicy, and non-mealy) in order to 

accelerate the commercialization of Ontario bred apples. This thesis has two main objectives 

pertaining to the texture quality of apples. The first objective was to improve the understanding 

of mealiness perception by breaking it down into its singular underlying components. The second 
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objective was to identify instrumental measures that consistently correlate with texture attributes 

(crisp, juicy, chewy, mealy, and ROM) of apples over two consecutive years.  
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2 Literature review 

2.1 Texture perception 

Texture can be defined as “all the mechanical, geometrical, and surface attributes of a product 

perceptible by means of mechanical, tactile, and where appropriate, visual and auditory 

receptors” (ISO, 1981). The feeling of texture perception in the is mouth derived from the 

physical structure of the product (Szczesniak, 1963). However, depending on the attribute, 

texture of food can be simple or complex based on perceptions. Unidimensional textures such as 

hardness/firmness/softness are perceived through the resistance of the food to compressive forces 

that occur with a bite or chew (Szczesniak, 2002). Other texture attributes are not as straight 

forward as they require inputs from multiple senses (Andani, Jaeger, Wakeling, & MacFie, 2001; 

Barreiro et al., 1998; Szczesniak, 2002). For example, juiciness perception is related to the force 

with which the juice squirts out, the total amount of juice released on chewing, the flow 

properties of expressed liquid, and the contrast in consistency between the liquid and the 

suspended cell debris (Szczesniak & Ilker, 1988). Similarly, crispness is also a multi-

dimensional attribute that is influenced by both forces produced and sounds generated during a 

bite or chew (Costa et al., 2011; Edmister & Vicke rs, 1985; Piazza & Giovenzana, 2015; 

Vickers & Bourne, 1976).  

It is clear that texture perception can be very complex, but it is also important to note that it is 

very product dependent. For example, two products can produce similar texture perceptions, 

such as crisp perception in apples and in potato chips, but the cellular structure for these products 

are different (Edmister & Vickers, 1985). The crisp perception in potato chips is a “dry crisp”, 

where cells contain only air, whereas crisp in apples is defined as a “wet crisp”, as the cells 
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contain liquid (Duizer, 2001). Therefore, it is important to understand the different mechanisms 

behind the texture perceptions of different food products.  

2.2 Apple texture 

Apple flesh is primarily composed of parenchyma cells, which acts as storage cells containing 

apple fruit constituents and its liquid contents (Figure 2.1). Surrounding each parenchyma cell is 

a cell wall, comprised of cellulose microfibrils and an amorphous matrix of polysaccharides (e.g. 

pectin, hemicellulose, and cellulose) (De Smedt et al., 1998; Jarvis, 2011; Lapsley, Escher, & 

Hoehn, 1992). The composition and complex network of cell wall polysaccharides provides 

strength to the cell wall (Cybulska, Zdunek, Psonka-Antonczyk, & Stokke, 2013). The 

parenchyma cells are held together by the middle lamella (Figure 2.1) which, in conjunction with 

the cell wall, creates a mechanical skeleton that provides structural rigidity to the overall system 

(Cybulska et al., 2013; Lapsley et al., 1992). The middle lamella primarily consists of an 

amorphous layer of pectin (Gwanpua et al., 2016; Lapsley et al., 1992) and acts as a “glue” that 

binds cell walls together (De Smedt et al., 1998; Toivonen & Brummell, 2008). 
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Figure 2.1 An image of fruit cellular tissue captured using atomic force microscopy. A) 

parenchyma cell containing fruit constituents, B) parenchyma cell wall, C) middle lamella 

between parenchyma cells (Posé et al., 2019) 

The interaction between cell walls and middle lamellas is one of the most important factors that 

affect apple texture, as this interaction primarily dictates the mode of cellular breakdown. When 

the middle lamella has an increased concentration of insoluble pectin and adhesive power, this 

imparts structural rigidity and creates a strong bond between cell walls (Arana, Jarén, & Arazuri, 

2004). As the middle lamella is stronger than the cell wall, stress applied to the structure will 

result in the cell wall breaking rather than the middle lamella giving way (also known as cell 

rupture/fracturing) (Arana et al., 2004; Barreiro et al., 1998; De Smedt et al., 1998; Harker & 

Hallett, 1992; Harker et al., 2002). Cell fracturing allows the contents within the parenchyma 

cells to be released, producing a juicy sensation. Furthermore, the amount of force required as 

well as the sound produced from fracturing the cell walls is what determines a crisp texture in the 

apples (Harker, White, Gunson, Hallett, & De Silva, 2006; Piazza & Giovenzana, 2015; Zdunek, 

Cybulska, Konopacka, & Rutkowski, 2010).  
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As apples ripen, pectinase enzymes such as polygalacturonase (PG) (Paniagua et al., 2014) begin 

to depolymerize pectin in the middle lamella. These enzymes hydrolyze α-1,4 glycosidic bonds 

of pectin, resulting in more soluble pectin (Arefi et al., 2015; Ben-Arie, Kislev, & Frenkel, 1979) 

and thus weakening the middle lamella. When the middle lamella becomes weaker than the cell 

wall, mechanical deformation will result in the middle lamella yielding, leaving the parenchyma 

cells intact, also known as cell-to-cell debonding (De Smedt et al., 1998; Harker & Hallett, 

1992). With the parenchyma cells remaining intact, the cellular contents are preserved, resulting 

in small clumps of undamaged cells during mastication, producing a soft, dry, and granular 

texture (Allan-Wojtas et al., 2003; Arana et al., 2004; De Smedt et al., 1998; Harker, Amos, 

Echeverría, & Gunson, 2006; Lapsley et al., 1992). Additionally, the action of the pectinase 

enzymes increases as apples ripen and also occurs at different rates in different apple varieties 

due to differences in their natural pectinase content and the starting pectin composition in their 

middle lamella. Thus, different apple varieties will exhibit different levels of soft, dry, and 

granular flesh over time. 

Turgor pressure in apple parenchyma cells also affects apple texture (Brummell, 2006; Lin & 

Pitt, 1986; Reeve, 1970; Toivonen & Brummell, 2008; Tong et al., 1999). Turgor pressure 

derives from the force of osmotic pressure within the parenchyma cell against the cell wall 

(Reeve, 1970; Toivonen & Brummell, 2008). As apples lose moisture over time, there is a 

resulting decline in turgor pressure within the parenchyma cells and this results in decreased 

firmness/stiffness of apples (Abera, Verboven, & Nicolai, 2017; Lin & Pitt, 1986; Zdunek & 

Bednarczyk, 2006). Furthermore, studies have shown that parenchyma cells with high turgor 

tend to undergo cell fracturing rather than cell to cell debonding (Harker & Hallett, 1992; Lin & 

Pitt, 1986; Toivonen & Brummell, 2008), resulting in a crisp, firm, and juicy texture.  



9 

 

It is clearly shown that the structural components of cells affect textural properties of apples. 

These textural properties impact the quality of an apple, as consumers prefer apples that are crisp 

and juicy, but not mealy. When apple breeders are screening new varieties, it is important to be 

able to consistently and accurately screen for selected textural properties of apples. This can be 

done through various methods such as sensory evaluation or through instrumental methods that 

have been previously linked with sensory perceptions. Depending on the research objective, 

different methods of evaluation can be used.  

2.3 Techniques for measuring apple texture 

2.3.1 Sensory evaluation 

Sensory evaluation is the gold standard for evaluating apples’ sensory properties (Murray et al., 

2001), as it most accurately defines, measures, quantifies, and explains what is being perceived 

by human senses during mastication (Carbonell, Izquierdo, Carbonell, & Costell, 2008). 

Depending on the research objective, a plethora of sensory evaluation tests can be conducted to 

evaluate apple texture, but the most common method is through descriptive analysis (DA). This 

is because DA is the most comprehensive and objective sensory evaluation method that produces 

the most complete description of texture attributes both qualitatively and quantitatively 

(Corollaro et al., 2013; Murray et al., 2001). Previous literature has shown that DA can be 

utilized to discriminate attributes among apple varieties, as well as differences in 

physiological/chemical treatment of apples (Andani et al., 2001; Corollaro et al., 2013;  

Mehinagic et al., 2003). Although these studies can show how crisp or juicy apples are compared 

to one another, what DA cannot do is show if that apple is liked or not. For this, consumer testing 

using hedonic scales is required. These tests can be conducted to investigate the difference in 
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liking of apple varieties among apple consumers. A study conducted by Yue and Tong (2011) 

showed that consumers preferred newer apple varieties, such as SweeTango, as they exhibited 

improved firmness, crispness, tartness, and sweetness compared to more established varieties 

such as Zestar or Honeycrisp. Similarly, Cliff, Stanich, and Hampson (2014) demonstrated that 

consumers preferred the overall palatability and visual appearance of Salish apples, a new 

Canadian variety, compared to more established varieties such as Granny Smith and McIntosh. 

Other studies have integrated the use of both DA and hedonic scores from consumer testing to 

produce a preference map, which shows how much various apple varieties are liked or disliked 

and the underlying sensory attributes that are associated with consumer liking. Bowen et al. 

(2019) showed that 89% of the population preferred apples that were highly sweet, aromatic, 

juicy, and crisp such as Gala. The remaining 11% of the population also sought out apples that 

were very juicy and crisp, but instead preferred apples that were acidic and had a fresh green 

apple aroma such as Granny Smith. In both groups, mealiness and oxidized apple aroma were 

strong detractors of liking. Similarly, Jaeger et al. (1998) showed that in both British and Danish 

consumers, mealiness was a negative quality attribute.  

Although the use of sensory evaluation to evaluate apple texture may be the most precise 

method, it can be expensive and very time consuming for day to day use for apple breeders and 

marketers (Corollaro et al., 2014; Mehinagic, Royer, Symoneaux, Bertrand, & Jourjon, 2004). 

Therefore, instrumental techniques that provide a cheaper and faster method of evaluating these 

texture attributes have been emphasized by researchers in the horticulture industry.  
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2.3.2 Instrumental evaluation  

2.3.2.1 Microscopy 

As textural properties in apples are associated with their cellular structure, microscopy of apple 

flesh has been investigated as a means of predicting apple texture. Various cell parameters such 

as shape, area, size, and perimeter can be measured using microscopy. De Smedt et al. (1998) 

used microscopy to examine mealiness susceptibility among different apple varieties (Jonagold, 

Cox’s Orange Pippen, and Boskoop), specifically by looking at the number of broken and intact 

cells of apple surfaces. Results showed that cells of fresh apples tended to break during tensile 

tests. Alternatively, mealy apples tended to have more circular cells that separated instead of 

breaking, having more intact cells than fresh apples following tensile tests. Similarly, Harker and 

Hallett (1992) used scanning electron microscopy to show that cells in non-mealy apples tended 

to rupture and release their cell contents, while mealy apples tended to have undamaged cells. 

They also found that mealier apples had a greater volume of airspace between cells, which may 

affect the overall texture of apples. Thus, using microscopy to differentiate between mealy and 

non-mealy apples has been effective by examining fracture patterns of cells. However, as 

discussed in Section 2.2, apple texture is not only influenced by interactions between cell walls 

and middle lamella, but also by their cellular composition. 

 Another study conducted by Cybulska et al. (2013) used atomic force microscopy to 

differentiate textures between apples based on cellular composition. They found that Honeycrisp 

apples had a distinct cell wall nanostructure compared to the other five varieties, having the 

thickest cellulose microfibrils and the lowest crystallinity. Conversely, Cortland and Rubin 

apples had the thinnest cellulose microfibrils and a relatively high crystallinity. Their sensory 
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data showed that Honeycrisp apples were very crisp, juicy, and hard, whereas Cortland and 

Rubin apples were soft and “silent”. They speculated that apples that are crisper, harder, and 

juicier have thicker microfibrils and lower crystallinity (Cybulska et al., 2013). This is because, 

the amplitude of the acoustic emission is directly correlated to the amount of stress applied in the 

moment of rupture, and thus a thicker microfibril increases the threshold, increasing the 

crispness sensation (Cybulska et al., 2013).  

2.3.2.2 Penetrometer 

Penetrometers are the most commonly used instrument by the apple industry to evaluate apple 

texture quality based on apple firmness (Costa et al., 2012; Harker, White, Freeth, Gunson, & 

Triggs, 2003; Molina-Delgado, Alegre, Puy, & Recasens, 2009). Although specific setups and 

models may differ, penetrometers generally have circular flat head puncture probes attached to a 

loading cell that analyze how much force is required to penetrate the apple (Volz, Harker, & 

Lang, 2003). Previous literature has shown the effectiveness of penetrometers to predict various 

apple texture attributes. Table 2.1 shows the studies conducted using penetrometers to predict 

various texture attributes such as crispness/crunchiness, hardness/firmness, juiciness, and 

mealiness. Although some of these studies have shown strong correlations between penetrometer 

measurements and texture attributes, other studies have shown these were not consistent. The 

range of correlations may be due to the difference in testing conditions (number of apple 

varieties, penetrometer parameters, and sensory evaluation parameters as shown in Table 2.1). 

Furthermore, the penetrometer primarily measures firmness/hardness, not taking into account the 

other aspects related to apple texture (Molina-Delgado et al., 2009). Thus, although it may be a 

reliable predictor of apple firmness, it only predicts other texture attributes such as juiciness and 

mealiness if those happen to coincide with apple firmness in the apple set under study. Although 
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the penetrometer may be the most commonly used instrument to predict apple texture firmness, 

these inconsistencies suggest that the penetrometer may not be the most appropriate instrument 

to predict other complex textures besides hardness.  
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Table 2.1 A list of various studies predicting apple texture using penetrometers 

Number of apple varieties and 

storage treatments evaluated 

Penetrometer 

parameters 

Sensory 

evaluation 

parameters 

Correlation 

coefficient 

Reference 

6 varieties [2 of the 6 varieties: 

Golden delicious and Stark 

Delicious, were evaluated at two 

different merceological qualities] 

 

6.5 mm probe 10 trained 

panelists, 

unconstructed 

line scale (0 – 

9) 

Firmness 

(0.907), juiciness 

(0.735) 

(Paoletti et al., 1993) 

115 varieties [No treatment] 8 mm probe 11 trained 

panelists, 100-

point scale 

Hardness (0.63), 

crispness (0.54), 

juicy (-0.02) 

(King et al., 2000) 

7 varieties [Year 1: 2 varieties x 2 

harvest times x 2 ripeness levels 

Year 2: 7 varieties, only Royal 

Gala harvested at two different 

times] 

  

11.1 mm 

probe, 8 mm 

penetration 

depth at 240 

mm/min 

15 trained 

panelists year 

1, 16 trained 

panelists year 

2, 150 mm 

unstructured 

line scale 

Crispness (0.82), 

juiciness (0.72) 

(Harker et al., 2002) 

3 varieties [All varieties harvested 

3 weeks before maturity, at 

maturity, and 3 weeks after 

maturity. One extra batch maturity 

was also analyzed at 3, 20, and 30 

weeks after storage] 

4 mm probe, 

10 mm 

penetration 

depth at 50 

mm/min  

16 trained 

panelists, 

continuous 

non-structured 

scale 

Crunchiness 

(0.91), juiciness 

(0.76), mealiness 

(0.79) 

(Mehinagic et al., 

2006) 

1 variety [Fresh, 1 week at 20°C, 2 

weeks at 20°C, and 4 weeks at 

20°C] 

11 mm probe, 

8 mm 

penetration 

depth at 4 

mm/s 

11 and 13 

trained 

panelists, 

sensory single 

point scores 

Hardness (0.63 

and 0.72), 

juiciness (0.44 

and 0.52), 

mealiness (-0.59 

and -0.68) 

(Ioannides et al., 

2007) 

7 varieties [All varieties tested 

under 3 storage conditions: 

Normal atmosphere, controlled 

atmosphere, and 1-MCP] 

11.1 mm 

probe, 10 mm 

penetration at 

20 mm/min 

14 trained 

panelists, 

unconstructed 

scale 100-

point scale 

Hardness 

(0.635), 

crispness 

(0.584), juiciness 

(0.387), 

mealiness (-

0.345) 

(Zdunek, 

Konopacka, & 

Katarzyna, 2010) 

9 varieties [No treatment] 11.1 mm 

probe, 8 mm 

penetration 

depth at 4 

mm/s 

3 trained 

panelists, 150 

mm line scale 

Crispness (0.70), 

juiciness (0.59) 

(Brookfield, Nicoll, 

Gunson, Harker, & 

Wohlers, 2011) 

141 varieties [At harvest, after 2 

months and 4 months of cold 

storage.] 

4 mm probe, 

10 mm 

penetration at 

3.3 mm/s 

4 expert 

panelists 

Firmness (0.45), 

crispness (0.29), 

juiciness (0.20), 

melt (-0.47), 

graininess (-

0.47), mealiness 

(0.42) 

(Gálvez-López et al., 

2012) 

20 varieties [No treatment] 11.1 mm 

probe, 8 mm 

penetration 

depth 

12 trained 

panelists, 20-

point scale 

Crispness (0.75) (Chang, Vickers, & 

Tong, 2018) 
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2.3.2.3 Kramer shear 

Similar to penetrometers, Kramer shear attachments are another force measurement instrument 

that has been utilized to predict apple texture. Where penetrometers directly measure the 

firmness/hardness of an apple, a Kramer shear investigates the shear required to slice through an 

apple. This motion type may be of interest as it more closely mimics in-mouth processing of 

apples than a penetrometer. Several studies have investigated the use of a Kramer shear to 

predict apple texture. Harker et al. (1997) observed that there was no meaningful relationship 

between Kramer shear measurements and texture attributes among a variety of fruits (including 

apples) and corroborated this in further research (Harker et al., 2002). However, these two 

studies were not comprehensive and focused on only a few select apple varieties. Bowman et al. 

(1972) observed a range of correlations between Kramer shear measurements and crispness (0.32 

to 0.77) and juiciness (0.38 to 0.77) with the strength of the correlation dependent on the apple 

variety. Thus, the Kramer shear has potential to be used to predict apple texture. However, future 

studies should focus on examining an apple set with a greater diversity of apple varieties to 

ensure robustness of the studies as these studies were completed on a limited number of varieties.  

2.3.2.4 Contact acoustic emission 

Similar to the force recorded through penetrometers and Kramer shears, acoustic emission tests 

have been investigated as a means for predicting apple quality. These tests include measuring the 

sound produced when a product is deformed. Deformation leads to cell wall breakage and 

fracturing of apple tissues to due change in hydrostatic pressure (Piazza & Giovenzana, 2015). 

This fracture generates elastic waves between air molecules around their equilibrium within the 
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cells, propagating an internal cracking sound, also known as an acoustic emissions (Duizer, 

2001; Zdunek, Cybulska, et al., 2010). 

As mentioned in Section 2.1 the acoustic emission generated during structural breakdown is an 

important cue in crispness perception in apples. Piazza and Giovenzana (2015) investigated the 

use of acoustic and mechanical measurements to predict crispness perception in seven varieties 

of apples. They measured the force needed to puncture the apples while simultaneously 

recording acoustic emissions from the apples, and also measured the acoustic emission from the 

first bite of apple flesh from panelists. Results showed that acoustic emissions recorded from 

panelists’ first bite was not effective in predicting apple crispness. Rather, the combination of the 

acoustic and mechanical instrumental measurements provided a more effective method in 

predicting apple crispness. Similarly, Zdunek et al. (2010) investigated the combination of 

measuring acoustic and mechanical instrumental measurements of 19 apple varieties to predict 

apple texture. Results showed that when compared to either mechanical (F) or acoustic 

measurements (CAE) alone, the combination of both produced higher coefficient of determination 

(R2) values across all texture attributes: crispness (F: R2 = 0.57, CAE: R2 = 0.62, F + CAE : R
2 = 

0.71), hardness (F: R2 = 0.68, CAE: R2 = 0.60, F + CAE : R
2 = 0.77), juiciness (F: R2 = 0.40, CAE: 

R2 = 0.48, F + CAE : R
2 = 0.53), mealiness (F: R2 = 0.38, CAE: R2 = 0.33, F + CAE : R

2 = 0.43), 

and overall texture (F: R2 = 0.52, CAE: R2 = 0.52, F + CAE : R
2 = 0.62). However, R2 values for 

juiciness and mealiness were much lower than for hardness and crispness, indicating that 

acoustic emission may only appropriate for a limited number of key attributes. Furthermore, it 

should be noted that acoustic emission measurements may be applicable for some apple varieties 

and not others, as a study conducted by Roth (2008) showed the R2 values varied between 
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acoustic measurements and firmness between varieties: Jonagold (R2 = 0.28) and Delbard Estival 

(R2 = 0.81). 

2.3.3 Future research 

As mentioned in Section 2.3.1 mealiness is a negative quality attribute among apple consumers, 

and so emphasis should be given to screen for this attribute in apples. As shown in Section 2.3.2 

instrumental measurements have yet to consistently predict mealiness and juiciness perception in 

apples. This is because, these unidimensional instruments are not able to account for the complex 

perception of these texture attributes, and to date most instrumental methods that have been 

trialed only measured physical properties related to firmness. Therefore, emphasis should be put 

on to examining other instrumentals means to predict apple texture attributes.  

Oral processing of an apple is a dynamic process involving multiple interacting surfaces between 

the food, teeth, and tongue, with the addition of saliva. Thus, instrumental means that can predict 

these textures should mimic these in-mouth phenomena such as the volume of juice expressed, 

roughness sensation, crack propagation, among others. For example, a gloss meter may be used 

to predict juiciness in apples as this instrument examines the “glossiness” of a surface. 

Theoretically, a juicer apple would express more juice on the surface after it is cut, thus being 

glossier than a non-juicy apple. Another instrument that can be used is a light interferometer, as 

this instrument examines surface roughness by measuring the distance travelled by the light 

bouncing off the surface of the sample, potentially predicting the granular aspect of mealiness in 

apples. However, mealiness is multicomponent attribute, therefore an instrument that can 

measure these multiple properties is required. Therefore, tribology may be a valuable tool that 

can help predict mealiness. Tribology is the study of friction, wear, and lubrication between 
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interacting surfaces that are in relative motion, and so it seems befitting to use tribology to 

predict mealiness. In the engineering and machine design industry, tribology has a long history 

of use, and food researchers have only recently adopted this tool to evaluate texture in liquids 

and semi-solids (Chen & Stokes, 2012). A tribometer generally has a bearing (various shapes and 

sizes) moving along the surface of a sample, measuring the friction required to move across the 

sample (i.e. resistance to motion), which is then used to calculate friction coefficient. The friction 

coefficient is dependent on multiple physical properties, such as hardness, surface roughness, 

and lubrication, and these factors align with the multiple components of mealiness, as mealiness 

can be defined has have a soft, dry, and granular texture (Bowen et al., 2018; Harker & Hallett, 

1992; Johnston, Hewett, & Hertog, 2002; Segonne et al., 2014).  

2.4 Conclusion 

It is clear that apple texture can be evaluated through various techniques, whether it is through 

sensory evaluation or instrumental means. Thus, it is important to keep in mind the research 

objective and to select an appropriate method for evaluating texture. Although sensory 

evaluation of apple texture is ideal, it may not always be feasible due to economic or time 

constraints.  

Alternatively, Section 2.3.2 has shown several instrumental measures that may be utilized to 

predict various apple textures such as hardness and crispness. This is very beneficial for the 

apple industry, as these modes of analyses are more economically efficient and less time 

consuming. However, there has been a struggle to find an instrument that can consistently predict 

mealiness in apples. Therefore, with utilizing instrumental measures to predict apple texture, 

emphasis should be made on the selection of the instrument and how well it can predict sensory 
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analysis (Voisey, 1971). Furthermore, it is important to note that instrumental measurements 

should not be used to fully replace sensory evaluation, but should be used as a supplement 

(Harker et al., 2002).   
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3 Understanding mealiness 

3.1 Abstract 

Mealiness is an important texture attribute in apples as it is associated with over-ripening, low 

quality, and is a key detractor of consumer liking. Regardless of its important and prevalence on 

descriptive lexicons for apples, the definition of mealiness greatly varies among panels and often 

includes multiple components. However, descriptive analysis protocols advise against using 

multidimensional attributes (e.g. creaminess) as it can be challenging to evaluate. Therefore, the 

objective of this research was to characterize the underlying components of mealiness, so 

singular aspects can be used in future lexicons. Time intensity (TI) was conducted on four apple 

varieties for mealiness by a trained sensory panel (n = 18). Temporal dominance of sensation by 

modality (M-TDS) was conducted on the same varieties using seven texture attributes (granular, 

soft, hard, juicy, dry, crisp, and skin persistence) to investigate the sequence of dominant 

sensations during mastication, specifically during mealiness perception. The TI curves for 

mealiness were overlaid with M-TDS curves to elucidate the progression of mealiness 

perception.  

The sequence of dominant sensations that occurred during peak mealiness perception was 

different between non-mealy (TI peak mealiness rating: 33 - 40/100) and mealy (TI peak 

mealiness rating: 79/100) apples. However, both non-mealy and mealy apples had skin 

persistence as a common dominant perception during the later phases of the M-TDS curves, 

suggesting that this attribute does not affect mealiness perception. M-TDS curves showed that 

non-mealy apples were initially perceived to be crisp, then juicy during the intermediate and late 

stages of mealiness perception. Alternatively, the mealy apple was initially perceived to be soft, 
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then fluctuated between granular and soft for the rest of mealiness perception. Therefore, it can 

be concluded that soft, granular, and the absence of juiciness and crispness perception are 

underlying component attributes of mealiness and may be used in future panels to replace 

mealiness.  

3.2 Introduction 

Mealiness is an attribute associated with over-ripening and low quality in apples, and has a 

negative impact on apple acceptance among consumers (Bonany et al., 2014; Bowen, Blake, 

Tureček, & Amyotte, 2019; Carbonell, Izquierdo, Carbonell, & Costell, 2008; Jaeger, Andani, 

Wakeling, & MacFie, 1998). However, despite the importance of the absence of mealiness is in 

apples, there is inconsistency in the literature regarding the definition of this attribute. Table 3.1 

shows the wide range of mealiness definitions used in literature. Some of these definitions only 

comprise of a single aspect of mealiness (Harker et al., 2002; Paoletti et al., 1993), while others 

include multiple components (Bowen et al., 2019; De Smedt et al., 1998; Jaeger et al., 1998; 

Segonne et al., 2014). One reason for this inconsistency may be due to the fact that mealiness is a 

multi-component attribute and not all definitions take this into account (Arefi et al., 2015). 

However, descriptive analysis (DA) protocols strongly advise against using multicomponent 

attributes in their lexicons due to their complexity, as panelists may find it challenging to 

evaluate (Lawless & Hildegarde, 2010). 
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Table 3.1 Definitions of mealiness used in various apple sensory studies 

Study Mealiness Definition 

(Paoletti et al., 1993) Crumbling during mastication 

(Barreiro et al., 1998) Loss of crispness, hardness, juiciness, with an 

increase in the floury sensation in the mouth.  

(De Smedt et al., 1998) Soft and dry fruit 

(Jaeger et al., 1998) Powdery, floury, and grainy texture 

(Harker et al., 2002) Degree to which the flesh breaks down to a 

fine lumpy mass 

(Allan-Wojtas et al., 2003) Upon chewing, the sample breaks down into 

small individual granular or meal-like pieces 

(Mehinagic et al., 2004) Mealiness 

(Segonne et al., 2014) Soft, grainy, and dry fruit 

(Bowen et al., 2019) Soft, dry granular flesh. Cells that separate 

and retain juices as opposed to releasing 

juices.  

 

A number of definitions in Table 3.1 used for DA include a temporal aspect in their descriptors 

(Paoletti et al. 1998, Harker et al. 2002, and Allan-Wojtas et al 2003.). Thus, a temporal 

evaluation of mealiness may be appropriate in clarifying what panelists perceive when rating this 

multi-component attribute. One temporal technique that is commonly used is time intensity (TI). 

TI is a temporal technique that records the dynamics of intensity of an attribute over time (Cliff 

& Heymann, 1993). This technique can reveal when panelists perceive mealiness, tracking the 
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evolution of a single attribute during the course of oral processing. However, this technique 

would not give insight about which underlying attributes are responsible for mealiness 

perception. Alternatively, temporal dominance of sensation (TDS) is a technique that allows 

panelists to indicate the dominant attributes over the course of oral processing. Throughout the 

evaluation, panelists select the attribute that is dominating their perception at a given moment. If 

panelists perceive a change in which attribute is dominant, they may select a new attribute and 

continue this process until they swallow the sample and stop perceiving any noteworthy sensory 

stimulus. This technique may be used to help reveal what attributes are dominant throughout 

mealiness perception. Therefore, with a combination of TI and TDS techniques, the objective of 

this research was to gain a better understanding of mealiness perception, in hopes of being able 

to develop a consistent definition and identify instrumental methods that may be able to predict 

each singular sensory attribute.  

3.3 Materials and methods 

3.3.1 Products 

Four apple varieties (Ambrosia, Pink Lady, Granny Smith, and Red Delicious) were purchased at 

a local retailer (Ontario, Canada). These varieties were selected based on availability and range 

of mealiness intensity previously determined by descriptive analysis by a trained sensory panel 

from the previous year. After being purchased, the apples were placed in cold storage (2 - 4°C) 

for seven days. Prior to testing, apples were removed from storage and kept at room temperature 

for approximately 24 h. 
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3.3.2 TI and M-TDS sensory panel evaluation 

Sensory evaluation was conducted using two temporal methods: time intensity (TI) and temporal 

dominance of sensations by modality (M-TDS) in one 1.5-hour session. The trained panel 

consisted of individuals from the surrounding community who are part-time employees of 

Vineland Research and Innovation Centre, employed solely as sensory panelists. The trained 

panel specialized in evaluating horticultural products and had extensive experience with apples, 

having contributed to multiple preference maps, including one recently published by Bowen et 

al. (2019). Tests were conducted in semi-isolated sensory booths at an ambient room temperature 

of approximately 20°C. TI and M-TDS evaluations were conducted within the same session. 

Data was collected using EyeQuestion software (Logic 8, Netherlands).  

For both TI and M-TDS, whole apples were cut into eight wedges immediately prior to serving 

to avoid browning. Each sample was served in a 2 oz. clear cup labelled with a unique three-digit 

code containing a wedge with skin-on and core removed. Samples were presented under red light 

in a random, balanced design and presented to panelists monadically. Panelists were instructed to 

rinse their palates with filtered water and unsalted crackers (Premium Plus, Nabisco) between 

samples.  

For TI, panelists (n = 18) rated juiciness intensity and mealiness intensity of all four apple 

varieties. Although mealiness was the main interest of the present study, both juiciness and 

mealiness were evaluated consecutively by TI so as not to reveal the purpose of the test to 

panelists. One apple (Ambrosia) was duplicated to enable examining of panel consistency. 

Panelists were instructed to take a bite of the sample and to continuously rate the attribute 

intensity during the course of 30 s on a 100-point 15 cm line scale anchored from “weak” to 
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“intense” with anchors 1-cm from either end of the scale. Panelists were then given a 15-minute 

break between the TI and M-TDS exercise. 

 For M-TDS, panelists (n = 18) were given the following instructions: “Choose the attribute that 

is dominant (most striking) until no sensation appears”. Panelists could only select one attribute 

at a time, but an attribute could be selected several times throughout the evaluation. Panelists 

were given seven attributes to select from: soft, dry, granular, hard, juicy, crisp, and skin 

persistence. These attributes were selected based on the range of texture definitions used in 

literature (soft, dry, and granular flesh), as well as their opposite attributes (hard, juicy, and 

crisp). Skin persistence was also added to the list of attributes as this is an important attribute in 

apple texture. M-TDS was conducted in duplicate for all apples.  

3.3.3 Data analysis 

3.3.3.1 TI curves 

For each variety, average TI curves were plotted by averaging the data at each time point among 

the 18 panelists. The maximum intensity (Imax) from the TI curves was used to distinguish 

between mealy and non-mealy apples.  

M-TDS curves 

Data analysis for the M-TDS curves was completed through EyeOpenR (Qi Statistic, UK, and 

Logic 8, Netherlands). For each variety, average M-TDS curves were plotted by averaging the 

data among the 18 panelists. The significance level used for M-TDS was set at 10% to indicate 

when the panel as an average had deemed an attribute to have a dominant perception at each time 
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interval. Any curve below this was considered non-significant. M-TDS curves were plotted 

against time using EyeOpenR. 

3.3.4 Comparison between TI and M-TDS 

To identify which unidimensional attributes are associated with mealiness perception, TI and M-

TDS curves were overlaid. Time intervals for M-TDS curves were cut off at the 30 second mark, 

as texture attributes were not significant after that time frame and this time frame aligned with 

the duration of the TI test. Both TI and M-TDS curves were separated into thirds to allow for 

comparison between the curves for data interpretation.  

3.4 Results 

3.4.1 TI curves 

Although both juiciness and mealiness were assessed by the sensory panel, only results for the 

mealiness TI curves are presented here, as for the TI curve for juiciness was not related to the 

objective of this study. Figure 2.1 shows the TI curves for all four apple varieties, showing the 

change in mealiness perception over time as the panelists chew the samples. Apple varieties were 

separated into two group based on their TI Imax: mealy and non-mealy apples. Empire had an Imax 

of 79/100 and was categorized to be a mealy apple. The TI curves for the other three varieties 

(Ambrosia, Pink Lady, and Red Delicious) had a much lower Imax (range of 31 - 35/100) and 

were classified as non-mealy apples. In all apple varieties, mealiness perception rapidly 

increased at the onset of chewing, reaching Imax around six seconds. Mealiness perception then 

steadily declined to around the 19 - 20 second mark, where mealiness was no longer perceived.  
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Figure 3.1 Average TI plots representing the change in mealiness intensity among apple varieties  

 

3.4.2 M-TDS curves 

Figure 3.2 shows the M-TDS curve for the mealy apple. This curve displays the evolution of the 

dominant attributes over time as the panelists chewed the samples. The M-TDS curve for the 

mealy apple shows that soft perception was the first dominant attribute perceived by panelists. 

As panelists continued chewing, this evolved into a granular perception, followed by skin 

persistence.  

Figure 3.3 depicts the M-TDS curve of one of the three varieties that were categorized as a non-

mealy apple. All three non-mealy apples showed very similar M-TDS curve trends.  The M-TDS 

curves for the non-mealy apples demonstrated that crisp perception was the first dominant 

attribute perceived by panelists followed by juicy perception and finally skin persistence.  
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3.4.3 Comparison of TI and M-TDS curves 

The TI and M-TDS curves were overlaid to identify the singular texture attributes that panelists 

were perceiving in the timeframe when mealiness (or lack thereof) was perceived.  

Figure 3.2 shows the TI and M-TDS curve for the mealy apple. In the mealy apple, the onset of 

mealiness perception in the first third of the TI curve overlapped with a dominant soft perception 

on the M-TDS curve. As mealiness perception reached its Imax on the TI curve, the M-TDS curve 

showed that the panel was split between dominant granular and soft perceptions. As mealiness 

perception began to decline in the second third of the TI curve, soft and granular perceptions 

became less dominant on the M-TDS curve. From 15 s onwards, it was shown that there is nearly 

no mealiness perceived, and skin persistence is dominant.  

Figure 3.3 shows the TI and M-TDS for one of the non-mealy apples. Plots for the other non-

mealy apples can be found in Figure A.1 and A.2.  In non-mealy apples, the onset of a low 

mealiness perception in the first third of the TI curve overlapped with a dominant crisp 

perception in the M-TDS curve. As the TI curve reaches its Imax in mealiness perception, the M-

TDS curve shows that juiciness perception is dominant. Juiciness perception remains dominant 

until no mealiness perception is identified in the TI curve (until 15 s). After 15 s, we can see that 

skin persistence is dominant in M-TDS.   
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Figure 3.2 Average TI and M-TDS graphical representation of the mealy apple (Empire)  
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Figure 3.3 Average TI and M-TDS graphical representation of a non-mealy apple (Ambrosia)  

3.5 Discussion 

Mealiness is a critical attribute in driving consumer liking of apples. However, its definition is 

highly variable among descriptive sensory panels. Therefore, a better understanding of the 
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component attributes of mealiness is needed to better inform future studies examining mealiness 

in apples.  

Comparing TI curves with M-TDS curves allows for a better understanding of what panelists 

perceive during the course of mealiness perception. Since DA requires panelists to average their 

perception and rate it in a single intensity, the point at which they actually perceive this multi-

component attribute is not known. Therefore, TI was used to determine the timeframe of 

mealiness perception during oral processing. For all four apple varieties, Figure 3.1 showed that 

peak mealiness occurred at the 6 s mark. Mealiness perception then steadily declined, until 

mealiness was no longer perceived (~20 s of chewing). This suggests that mealiness perception 

of apples does not occur at the onset of oral processing, but that apple flesh must first be broken 

down in order for this attribute to be perceived. This aligns with definitions used in Table 3.1 

(Allan-Wojtas et al., 2003; Harker et al., 2002; Paoletti et al., 1993), as their definitions 

emphasize that mealiness was perceived most intensely during the process of mastication. 

Additionally, mealiness was determined to be perceived during oral processing rather than as a 

mouthfeel after swallowing as is sometimes the case with grainy/rough attributes (Vingerhoeds, 

de Wijk, Zoet, Nixdorf, & van Aken, 2008; Weenen, Jellema, & de Wijk, 2005).   

Figure 3.2 shows that onset of mealiness that occurs in the mealy apple during the first third of 

the TI curve is driven by softness. This was expected as mealy apples tend to require less force 

for cellular structure breakdown. The primary mode of cellular structure breakdown in mealy 

apples is in the form of cell-to-cell debonding and this mode of tissue failure requires less force 

than other modes of breakdown such as cell rupture/fracture (Harker & Hallett, 1992; Harker et 

al., 2002). As the dominance rate for softness started to decline, granularity started to become 

dominant. The onset of granularity corresponds with the maximum mealiness intensity on the TI 
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curve. This indicates that, at its peak, mealiness can be defined by the granular texture of the 

apple. Granularity was also expected in mealy apples, as cell-to-cell debonding leads to apple 

cells being intact, leaving larger granules to be felt on the palate. The onset of granular texture as 

softness declines was expected as the sample must first break down, hence the soft perception 

and once the structure breaks down, the intact apple cells can be felt on the palate, leading to 

granularity. In the later half of the TI curve of the mealy apple (~15 s and onwards), mealiness 

perception declines until it is no longer perceived just as skin persistence becomes dominant. 

Therefore, it can be concluded that high mealiness intensity in mealy apples is only attributed to 

soft and granular texture, and not skin persistence.  

Figure 3.3 shows that non-mealy apples have a relatively low mealiness intensity compared to 

the mealy apple. By cross-referencing the TI and M-TDS curves from the non-mealy apples, a 

general pattern can be seen. The low mealiness intensity shown in the TI curve is attributed to a 

dominant crisp and juicy textures shown in the M-TDS curves in the non-mealy apple. The onset 

of the low mealy intensity arises from a dominant crisp texture in the non-mealy apples. 

Mealiness Imax in the non-mealy apple occurs when there is a dominant juicy texture. Therefore, 

it can be speculated that the low intensity of mealiness in non-mealy apples are driven by 

crispness and juiciness.  Apple softness has been shown to be inversely related to apple crispness 

(Cybulska et al., 2013; Zdunek, Konopacka, et al., 2010), therefore the term “soft” as part of the 

definition of mealiness accounts for the lack of crispness in mealy apples. Although the attribute 

“dry” did not surpass the 10% threshold of significance in the mealy apples, juiciness was an 

important element in non-mealy apples which was not captured by the term “granular” and “soft” 

in mealy apples. Therefore, the lack of juiciness (i.e. dry), should also be considered part of the 

definition of mealiness in addition to granular and soft.  
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3.6 Conclusion 

The present study presented a new application for TI and M-TDS as it demonstrated that the 

combination of TI and M-TDS curves can be successfully used as a tool to identify the 

underlying attributes of multi-component texture attributes. The underlying components of 

mealiness can be described as having a soft and granular texture, with the absence of crispness 

and juiciness. Other texture attributes such as hard and skin persistence were excluded from the 

definition of mealiness as they resided outside of the peak mealiness curve.  
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4 Penetrometer and 5-blade Kramer shear 

4.1 Preamble 

Preliminary testing of a number of instrumental measurements was conducted to screen for 

instruments that could differentiate among apple varieties. Initial testing of both a light 

interferometer and a gloss meter showed that these two instruments were not able to distinguish 

between mealy and non-mealy apple varieties. Additionally, the scratch tester did not pass the 

preliminary testing stage. Although the scratch tester was able to distinguish between mealy and 

non-mealy apples, the results showed that there was no relation between its instrumental 

measurements and sensory perception of apples. This may have been due to limitations with the 

testing parameters. First, the diamond tip that was used may have been too fine of a point to 

examine the uneven surfaces of the apples. Apples have air pockets within their flesh, and when 

the scratch tester passed over these air pockets, the fine tip lost contact with the apple surface and 

produced significant gaps in data collection. Secondly, the diamond tip may have been too hard 

of a material to mimic oral surfaces. Lastly, the scratch distance used was 1 mm, which may 

have been too short of a distance to capture the variability found across among the apples. 

Therefore, these instruments were excluded from further testing.  

4.2 Abstract 

Apple texture derives from the breakdown of apple cellular structure and is one of the primary 

drivers for consumer acceptance. Previous research has shown that consumers prefer apples that 

are firm, juicy, crisp, and are not mealy. Although sensory evaluation is the gold standard when 

it comes to evaluating apple texture, instrumental means are an alternative method that can be 
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faster and cheaper. Currently, the penetrometer is the most widely used instrument in the apple 

industry to measure the texture of apples. However, the penetrometer is a unidimensional 

instrument that primarily measures firmness and it is often a poor predictor of other more 

complex texture attributes. Thus, the purpose of this research was to investigate if a 5-blade 

Kramer shear used to measure shearing force and the amount of juice expelled as a result better 

correlates with texture attributes than a penetrometer. The study was conducted over two apple 

seasons at Vineland Research and Innovation Centre.  

Results showed that in both years peak force measurements from the 5-blade Kramer shear 

produced stronger correlations with texture attributes (juicy, crisp, mealy, and rate of melt 

(ROM)) than peak force measurements from the penetrometer. Furthermore, juice expressed 

collected from the 5-blade Kramer shear produced the highest correlation with juicy perception 

in both years compared to the peak force measurements from both attachments. It is proposed 

that the 5-blade Kramer shear measurements have a stronger correlation with texture attributes 

compared to the penetrometer as it better mimics the action of teeth during chewing and expels 

more juice.  

4.3 Introduction 

Apple textures such as crisp, juicy, and lack of mealiness are key components in driving 

consumer preference of fresh apples (Bonany et al., 2014; Bowen, Blake, Tureček, & Amyotte, 

2019; Harker, Kupferman, Marin, Gunson, & Triggs, 2008; Jaeger, Andani, Wakeling, & 

MacFie, 1998). The most accurate method for assessing these texture attributes is through 

sensory evaluation (Aprea, Charles, Endrizzi, Corollaro, & Betta, 2017; Chang et al., 2018). 

However, sensory evaluation has some limitations as it is felt to be expensive and time 
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consuming (Aprea et al., 2017; Corollaro et al., 2014). To bypass these limitations, there has 

been quite a bit of effort in the horticulture industry to find instrumental methods that can be 

used to predict these sensory attributes in routine quality evaluations. Currently, the penetrometer 

puncture test is the most commonly used test by the horticulture industry to characterize apple 

texture (Harker, Stec, Hallett, & Bennett, 1997). As the penetrometer punctures the apple flesh, 

the resistance of the flesh is measured as a function of force. The more resistant the flesh, the 

higher the force is needed to puncture the apple. Previous literature has shown that such 

penetrometer measurements correlate with texture qualities such as firmness/hardness 

(Brookfield, Nicoll, Gunson, Harker, & Wohlers, 2011; Harker et al., 2002; Johnson & Dover, 

2005; King et al., 2000; Roth, 2008). This is valuable as the industry uses apple firmness as an 

indicator of apple quality. However, apple texture is not limited to this singular attribute of apple 

firmness and instead includes multiple texture attributes that are not accounted for by 

penetrometer measurements. Futhermore, it has been found in the literature that correlations 

between these other texture attributes such as crispy, juiciness, and mealiness and the 

penetrometer have been inconsistent (Brookfield et al., 2011; Harker et al., 2002; Johnson & 

Dover, 2005; King et al., 2000; Roth, 2008). This inconsistency may be attributed to the 

penetrometer being a unidimensional instrument, only measuring the firmness of a product, and 

texture attributes such as crispy, juiciness, and mealiness are not always correlated to firmness. 

Thus, an instrument that only measures a product’s firmness may not be appropriate for 

predicting other attributes. Furthermore, puncturing an apple may not be the most accurate 

method of mimicking how a person would eat an apple. Rather, people bite into an apple slice, 

shearing the flesh and skin with the front teeth. Thus, an instrument such as a Kramer shear may 

more closely mimic the structural breakdown of apples in the mouth compared to a 
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penetrometer. Therefore, the purpose of this project was to compare the performance of a 

penetrometer with a 5-blade Kramer shear for prediction of texture attributes.  

4.4 Materials and methods 

4.4.1 Products 

In Year 1, twenty-seven commercial apple varieties were delivered to Vineland Research and 

Innovation Centre (Vineland, Canada) between August 2018 and January 2019. In Year 2, 

twenty-five commercial apple varieties were delivered to Vineland Research and Innovation 

Centre between August 2019 and January 2020. An additional 5 unique apple varieties were also 

harvested from the breeding orchard at Vineland Research and Innovation Centre for Year 2. 

Commercial apple varieties from Year 1 were selected based on colour diversity, being top 

sellers in the market, and results from previous years. Commercial varieties for Year 2 were 

chosen based on results from Year 1 including the top 5 and bottom 5 varieties for each texture 

attribute, as well as other important factors related to flavour which were important to the overall 

research, albeit outside of the scope of this thesis. 

After apples were delivered to Vineland, they were put into cold storage (2 - 4°C) for a minimum 

of 7 to 10 days. Apples were separated into smaller containers for even cooling. Apple maturity 

was evaluated using the starch-iodine (SI) index (Blanpied & Silsby, 1992). To complete the SI 

evaluation, apples were cut along the equator and dipped in an iodine mixture of 60 parts 0.1 N 

iodine solution (Fisher Scientific, USA) and 40 parts milli-Q water (MilliporeSigma, USA) and 

were laid face up on a clean paper towel for 1 minute prior to SI evaluation. If the apples were 

deemed mature (SI of 5-7), they were ready for profiling. If the apples were not deemed mature, 
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they were put back into storage for another 7 to 10 days. SI index evaluation were completed in 

triplicate.  

4.4.2 Sensory profiling 

All sensory evaluation was conducted by Vineland’s trained sensory panel (n = 22) in Vineland 

Research and Innovation Centre’s sensory lab. The panel recruitment and development of the 

sensory lexicon followed previous protocols established by Vineland Research and Innovation 

Centre (see Bowen et al., 2019). Panel sessions took place 1 - 2 times per week throughout the 

year in 1.5- hour sessions. Standard sensory training protocols were applied including the use of 

reference samples (as outlined in Bowen et al., 2019) and statistical monitoring of panel 

performance throughout training and data collection. As panelists were previously trained, 

panelists were asked to re-familiarize themselves with the reference standards prior to each panel 

session (Table B.1) 

The panel (n = 22) evaluated the apples in duplicate using generic descriptive analysis. In Year 1, 

sensory analysis of all apple varieties was conducted over eight sessions, while in Year 2, 

sensory analysis of all varieties was conducted over seven sessions. All sensory evaluation was 

conducted in semi-isolated booths at an ambient room temperature of approximately 20°C. The 

panel evaluated the apples based on 18 attributes (Table B.1) that described aroma, taste, and 

texture rating them on 100-point 15 cm line scales, anchored from “weak” to “intense” with 

anchors 1 cm from either end of the scale. Data was collected using EyeQuestion software 

(Logic 8, Netherlands). Apples were cut into eight equal wedges immediately prior to serving to 

avoid browning. Each sample consisted of two wedges with skin-on and core removed, served in 

a 2 oz. clear plastic cup labeled with a unique three-digit code. Samples were presented under red 
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lighting to mask any differences in appearance, and were presented monadically in a random, 

balanced design. Panelists were instructed to rinse their palates with filtered water and unsalted 

crackers (Premium Plus, Nabisco) between samples.  

4.4.3 Instrumental analysis 

4.4.3.1 Penetrometer and 5-blade Kramer shear 

Force measurements were completed using a TA. XT Plus texture analyzer (Texture 

Technologies, USA) with a convex 11.1 mm penetrometer attachment and a 5-blade Kramer 

shear attachment (TA- 091) (Texture Technologies, USA). Photos of the instrumental setups are 

shown in Figure 4.1. A total of five measurements were completed per apple variety for the 

penetrometer and the 5-blade Kramer shear. Silken only had four repetitions for the Year 2 

penetrometer measurements due to a corrupted data file. Apple samples were freshly cut prior to 

any instrumental testing. As the blush and shade side of an apple can result in different textural 

properties due to sun scalding (Harker et al., 2002), apples were cut vertically down the centre of 

the blush and shaded sides, ensuing similar blush and shade coverage on both halves. For the 

penetrometer, three slices of the skin were peeled off using a vegetable peeler and was puncture 

in the area where the skin was removed. For the 5-blade Kramer shear, samples were cut into 30 

mm (width) x 30 mm (length) x 15 mm (height) slices (no skin). The 5-blade Kramer shear 

attachments were different between Year 1 and Year 2, as the 5-blade Kramer shear used in Year 

1 was an older model than the one used in Year 2. Different 5-blade Kramer shear attachments 

were used due to equipment availability between the two years.  

The penetrometer test was run at 6 mm/s for a puncture distance of 8 mm, while the 5-blade 

Kramer shear was run at 1.6 mm/s for a 90% strain. Note that one half of an apple was used for 
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the penetrometer attachment, while the other half of the same apple was used for the 5-blade 

Kramer shear. Both attachments were also rinsed with milli-Q water between reps and wiped 

down with Kimwipes (Kimberly-Clark Corporation, USA). 

 

Figure 4.1 A photo of the 11.1 mm penetrometer system (left) and the 5-blade Kramer shear 

system (right) with the 5-blade Kramer shear attachment (a) and Kim wipes (b)  

4.4.3.2 Juice collection 

Juice was collected along with force measurements from the 5-blade Kramer Shear. Two 

Kimwipes were placed underneath the apple samples (Figure 4.1), and as the blades sheared 

through the sample, the Kimwipes absorbed the juice expressed. Kimwipes were weighed before 

and after to calculate how much juice was expressed from each sample.  

4.4.4 Data analysis 

For all sensory evaluation data, a Shapiro-Wilk’s normality test and Levene’s test of 

homogeneity of variances were used to determine if the data met the assumptions of analysis of 



41 

 

variance (ANOVA). Attributes that had heterogenous variances were transformed using a Box-

Cox transformation. Attributes that continued to have heterogenous variances post-

transformation were analyzed using a one-way ANOVA with the Welch statistic and Games-

Howell for post hoc analysis. A two-way mixed model (assessor, product, replicate) ANOVA 

was conducted to analyze descriptive data that met the assumptions of ANOVA, with Tukey’s 

Honestly Significant Difference (HSD) for post hoc analysis. If Tukey’s HSD was not able to 

show differences between the varieties, Fisher’s Least Significant Difference (LSD) was used for 

post hoc analysis. Inter-correlations among the texture attributes were calculated using 

Spearman’s correlation (rs).  

For instrumental analysis, the average peak positive force among the replicates of each variety 

was calculated for the penetrometer and 5-blade Kramer shear attachment, respectively. To 

compare sensory and instrumental data, the average perceived intensity was calculated for each 

texture attribute for each apple variety. Correlations between the average intensity for a given 

attribute and the average peak positive force for each instrument was calculated among Year 1 

and Year 2 apples separately using Spearman’s correlation. Unlike for ANOVA, correlations 

used the untransformed sensory data for all attributes. Similar to peak force measurements, the 

average juice expressed from each variety was calculated and compared to the average intensity 

for a given texture attribute among Year 1 and Year 2 using Spearman’s correlation. 

All data analyses were conducted using XLStat 2019 (Addinsoft, France) an alpha of 0.05.  
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4.5 Results 

4.5.1 Sensory evaluation of apple texture 

Although 18 attributes were assessed by the sensory panel as part of the overall project, this 

research focuses on the texture attributes thus the flavour data will not be reported in this thesis. 

Tables 4.1 and 4.2 shows that all texture attributes were able to discriminate differences between 

apples varieties in Years 1 (Table 4.1) and 2 (Table 4.2). In Year 1, juicy perception ranged from 

24.8 (Paula Red) to 65.0 (Pazazz),crisp perception ranged  from 16.9 (Paula Red) to 70.5 

(Crimson Crisp), chewy perception ranged from 42.0 (Ginger Gold) to 74.3 (Granny Smith), 

mealy perception ranged from 18.2 (Crimson Crisp) to 63.6 (Paula Red), and rate of melt (ROM) 

perception ranged from 32.4 (Granny Smith) to 80.3 (Paula Red). In Year 2, juicy perception 

ranged from 33.5 (Vineland Apple 4) to 65.8 (Rave), crisp perception ranged from 28.3 

(Vineland Apple 4) to 69.8 (Vineland Apple 2), chewy perception ranged from 31.8 (Ginger 

Gold) to 67.6 (Granny Smith), mealy perception ranged from 12.7 (Rave) to 57.3 (Vineland 

Apple 4), and ROM perception ranged from 46.2 (Crimson Crisp) to 72.3 (Granny Smith). 

Furthermore, a general trend can be seen between texture attributes in Tables 4.1 and 4.2, where 

as mealiness and ROM increased, juicy and crisp perceptions tended to decrease.  

  



43 

 

Table 4.1 Mean texture perceptions of 27 apple varieties rated out of 100 evaluated in Year 1. 

Different letters in a column indicate significant differences at p < 0.05. Attribute intensity was 

rated on a 15 cm line scale anchored from “weak” (anchored at 10) to “intense” (anchored at 90). 

Apple Variety 

Juicy1 

(F = 15.7, 

p < 0.0001) 

Crisp3 (F = 56.1, 

p < 0.0001) 

Chewy1 (F = 5.0, 

p < 0.0001)  

Mealy2 (F = 7.1, 

p < 0.0001) 

ROM3 

 (F = 15.5, 

p < 0.0001) 

Pazazz 65.0a ± 11.7 60.6abc ± 11.6 56.0cd ± 12.7 22.2def ± 16.8 58.6bcd ± 15.3 

Rave 64.4ab ± 11.3 65.5ab ± 12.0 56.8cd ± 13.8 18.6f ± 15.9 57.5bcd ± 18.4 

Honeycrisp 63.7abc ± 12.3 64.4ab ± 12.6 61.2bcd ± 13.3 18.4f ± 13.6 58.2bcd ± 19.3 

Crimson Crisp 58.4abcd ± 15.0 70.5a ± 10.5 63.0abcd ± 14.7 18.2f ± 14.2 50.8cde ± 19.9 

SweeTango 58.0abcd ± 15.5 64.5ab ± 14.2 58.9bcd ± 18.8 22.8def ± 17.3 56.2bcde ± 21.9 

Aurora Golden Gala 57.8abcde ± 14.0 59.1abc ± 13.5 52.9de ± 16.4 18.3f ± 14.4  63.2bc ± 17.5 

Red Prince 57.6abcde ± 14.1 47.0de ± 12.5 57.5cd ± 11.8 27.4cdef ± 16.0 58.9bcd ± 16.4 

8S5505 55.5abcdef ± 13.9  68.0ab ± 11.6 63.6abcd ± 16.7 22.7def ± 16.6 43.5def ± 20.7 

SVC42956 55.3abcdef ± 15.5 65.0ab ± 13.3 61.8bcd ± 16.7 21.0def ± 14.3 50.8cde ± 17.3 

Silken 53.7bcdefg ± 14.6 56.8cd ± 12.0 57.5cd ± 13.7 20.5def ± 11.7 63.8bc ± 13.4 

Smitten  53.3cdefg ± 17.9 66.0ab ± 13.6 62.9abcd ± 16.3 21.1ef ± 16.0 47.1cdef ± 19.9 

Salish 52.6defgh ± 16.1 62.6ab ± 13.9 58.5bcd ± 18.7 19.0f ± 14.6 52.2cde ± 20.7 

Pink Lady 52.5defgh ± 16.1 58.1bc ± 11.5 63.6abcd ± 11.1 29.8cdef ± 19.0 39.3ef ± 18.4 

Pinata 51.1defgh ± 15.0 48.2cde ± 16.1 60.2bcd ± 11.5 29.0cdef ± 19.4 52.8cde ± 17.4 

Ambrosia 50.5defgh ± 14.1 60.7abc ± 13.3 57.5cd ± 13.5 20.8def ± 12.9 61.5bc ± 16.6 

Pinova 49.3defgh ± 16.1 44.0de ± 14.8 60.8bcd ± 14.9 30.2cdef ± 16.6 56.5bcd ± 16.8 

Idared 49.1defgh ± 16.3 40.9ef ± 12.1 62.3abcd ± 14.0 30.6cdef ± 17.1 56.6bcd ± 19.3 

Granny Smith 47.6efghi ± 16.1 61.4abc ± 14.9 74.3a ± 13.8 31.5cdef ± 22.2 32.4f ± 18.3 

Red Delicious 47.0fghij ± 17.0 46.7de ± 15.1 64.5abcd ± 12.6 33.4cde ± 17.4 60.8bc ± 11.9 

Fuji 44.9fghij ± 17.1 38.1ef ± 13.9 55.8cd ± 14.6 28.8cdef ± 13.7 64.1bc ± 15.4 

Blondee 43.4ghij ± 14.6 44.5de ± 13.9 57.0cd ± 13.4 28.5bcd ± 17.6 57.7bcd ± 15.9 

Spartan 42.6ghij ± 13.7 41.4ef ± 16.8 64.6abcd ± 16.5 30.5cdef ± 16.3 62.6bc ± 14.5 

Gala 42.0hij ± 16.1 42.4ef ± 13.5 59.7bcd ± 13.9 31.8cdef ± 17.6 63.7bc ± 14.3 

Empire 37.5ij ± 15.1 29.0fg ± 13.7 64.9abcd ± 15.8 55.8ab ± 18.8 69.9ab ± 12.4 

McIntosh 36.2j ± 16.3 25.9g ± 10.8 70.2ab ± 17.4 48.2abc ± 25.3 71.1ab ± 13.6 

Ginger Gold 35.2jk ± 16.7 27.6fg ± 14.8 42.0e ± 14.1 44.1abc ± 20.1 65.4abc ± 18.0 

Paula Red 24.8k ± 13.5 16.9h ± 5.7 67.9abc ± 17.2 63.6a ± 18.8 80.3a ± 7.7 

Superscript numbers denote the post-hoc analyses used for each attribute: 1Used non-transformed 

data and Tukey HSD, 2 used non-transformed data and Games-Howell, and 3 used transformed 

data and Tukey HSD 
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Table 4.2 Mean texture perceptions of 29 apple varieties rated out of 100 evaluated in Year 2. 

Different letters in a column indicate significant differences at p < 0.05. Attribute intensity was 

rated on a 15 cm line scale anchored from “weak” (anchored at 10) to “intense” (anchored at 90).  

Apple Variety 

Juicy1 (F = 12.5, 

p < 0.0001) 

Crisp3 (F = 22.9, 

p < 0.0001) 

Chewy1 (F = 9.4, 

p < 0 .0001) 

Mealy2 (F = 15.5, 

p < 0.0001) 

ROM1 (F = 4.7, 

p < 0.0001) 

Rave 65.8a ± 12.8 69.3ab ± 13.3 53.7bcd ± 19.3 12.7i ± 9.2 64.5abc ± 15.2 

Honeycrisp 65.5a ± 11.9 65.8abcd ± 10.5 62.2abc ± 11.0 19.1efghi ± 15.4 57.4abcdefg ± 17.8 

Vineland Apple 2 65.2a ±14.8 69.8a ± 13.5 57.6bc ± 13.1 14.1i ± 12.3 54.1bcdefg ± 15.5 

8S5505 62.4ab ± 12.3 69.3ab ± 9.86 60.8abc ± 15.2 16.9hi ± 15.8 52.6cdefg ± 19.8 

Pazazz 60.5abc ± 13.5 57.0cdefg ± 14.5 62.0abc ± 12.5 28.0bcdefgh ± 15.3 60.5abcdefg ± 17.5 

Vineland Apple 3 59.3abc ± 13.6 65.7abc ± 14.4 56.8abc ± 14.2 18.7fghi ± 18.4 54.4bcdefg ± 13.6 

Ambrosia 59.2abc ± 12.1 62.8abcde ± 13.4 55.9abc ± 12.9 16.0ghi ± 14.0 60.1abcdefg ± 18.3 

Pinata 58.3abcd ± 14.5 54.6cdefghi ± 16.9 59.3abc ± 13.9 29.9bcdefgh ± 16.1 63.1abcdef ± 12.8 

Fuji 56.9abcde ± 14.3 53.6defghi ± 12.5 61.3abc ± 14.5 25.0defghi ± 20.4 60.8abcdefg ± 10.6 

Crimson Crisp 56.2abcde ± 15.8 71.3a ± 9.6 64.9ab ± 15.3 16.6hi ± 13.0 46.2g ± 18.5 

Blondee 55.7abcde ± 14.7 55.7cdefghi ± 13.1 61.9abc ± 12.9 24.4defghi ± 21.3 59.8abcdefg ± 13.7 

Silken 55.4abcde ± 17.4 57.4bcdef ± 16.4 48.8cd ± 13.8 19.1defghi ± 14.0 65.4abc ± 11.0 

Salish 55.0abcde ± 16.1 63.4abcde ± 10.7 62.1abc ± 16.6 20.9defghi ± 17.1 48.5defg ± 19.9 

Aurora Golden Gala 54.8abcde ± 14.1 63.5bcde ± 13.4 61.0abc ± 10.6 20.1defghii ± 17.1 51.3cdefg ± 16.8 

Vineland Apple 1 53.8abcde ± 14.9 56.0cdefgh ± 14.7 63.0ab ± 14.8 24.0defghi ± 21.1 52.0cdefg ± 16.1 

Sweetango 53.8abcde ± 15.6 54.2defghi ± 13.2 51.6bcd ± 12/5 19.4defghi ± 15.1 62.7abcdefg ± 15.4 

Smitten 51.0bcde ± 15.2 55.3cdefghi ± 13.9 62.2abc ± 14.1 29.9bcdefghi ± 19.5 47.4efg ± 13.9 

Gala 48.9cdef ± 15.0 51.9efgji ± 17.1 59.4abc ± 15.4 26.2cdefghi ± 21.9 55.4bcdefg ± 13.2 

Pink lady 48.1cdef ± 15.1 43.0i ± 14.3 60.7abc ± 12.7 35.7abcde ± 21.3 50.8cdefg ± 18.4 

Empire 47.7cdef ± 14.2 45.6fghi ± 15.0 57.5abc ± 18.4 28.4cdefghi ± 19.8 58.4abcdefg ± 14.4 

Paula Red 47.5cdef ± 16.6 42.6i ± 17.8 63.5ab ± 15.6 32.0bcdefgh ± 23.0 58.1abcdefg ± 18.1 

Red Delicious 47.5cdef ± 16.5 44.5ghi ± 14.7 58.3abc ± 16.1 36.6abcd ± 21.3 66.0abc ± 14.7 

McIntosh 46.2defg ± 17.7 46.8fghi ± 16.8 63.7ab ± 17.5 34.4abcdef ± 20.3 54.3bcdefg ± 19.0 

SVC 43956 46.2defg ± 14.9 53.4efghi ± 12.1 58.7abc ± 14.6 23.4defghi ± 19.6 53.9bcdefg ± 15.5 

Granny smith 45.1efg ± 17.8 43.0i ± 14.0 67.6a ± 12.3 28.6bcdefghi ± 17.2 46.4fg ± 17.2 

Ginger gold 43.2efg ± 20.1 42.7i ± 19.0 31.8e ± 12.6 35.7abcdefg ± 24.4 72.3a ± 11.5 

Vineland Apple 5 37.1fg ± 13.3 44.1hi ± 12.3 55.3abc ± 13.4 43.1abc ± 21.3 56.6abcdefg ± 16.4 

Spartan 33.9g ± 14.6 28.8j ± 11.2 58.1abc ± 18.5 43.5ab ± 20.2 63.9abcde ± 16.9 

Vineland Apple 4 33.5g ± 14.1 28.3j ± 11.7 40.6de ± 18.2 57.3a ± 21.1 69.5ab ± 13.7 

Superscript numbers denote the post-hoc analyses used for each attribute: 1Used non-transformed 

data and Tukey HSD, 2 used non-transformed data and Games-Howell, and 3 used transformed 

data and Tukey HSD 
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4.5.2 Instrumental measurements 

Tables 4.3 and 4.4 shows that all instrumental measurements were able to discriminate 

differences between apple varieties in Years 1 (Table 4.3) and 2 (Table 4.4) In Year 1, 

penetrometer peak force measurements ranged from 30.7 N (Paula Red) to 99.4 N (Smitten), 5-

blade Kramer shear peak force measurements ranged from 51.8 N (Paula Red) to 207.2 N (Pink 

Lady), and juice expressed ranged from 0.28 g (Empire) to 0.78 g (Pazazz). In Year 2, 

penetrometer peak force measurements ranged from 42.0 N (Paula Red) to 106.0 N (Crimson 

Crisp), 5-blade Kramer shear peak force measurements ranged from 55.2 N (Ginger Gold) to 

158.1 N (Aurora Golden Gala), and juice expressed ranged from 0.37 g (Ginger Gold) to 0.84 g 

(Vineland Apple 2).  
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Table 4.3 Mean instrumental measurements of 27 apple varieties in Year 1. Fishers LSD was 

used to find significant differences of instrumental measurements among varieties. Different 

letters in a column indicate significant differences at p < 0.05. 

 Apple Varieties 

Penetrometer Peak force 

(N) (F = 28.3, 

p < 0.0001) 

5-Blade Kramer Shear Peak 

Force (N) (F = 23.5, 

p < 0.0001) 

Juice Expressed (g)  

(F = 15.6, 

p < 0.0001)  

Paula Red 30.7 d ± 2.8 51.8 e ± 7.3 0.31 b ± 0.05 

McIntosh 38.4 cd ± 3.6 62.4 de ± 12.6 0.30 b ± 0.05 

Empire 44.0 bcd ± 4.6 65.2 cde ± 5.6 0.28 b ± 0.08 

Fuji 49.0 abcd ± 6.0 85.1 abcde ± 12.0 0.53 ab ± 0.09 

Ginger Gold 50.0 abcd ± 9.9 78.8 bcde ± 12.6 0.32 b ± 0.05 

Red Prince 52.8 abcd ± 5.1 91.5 abcde ± 10.2 0.62 ab ± 0.08 

Spartan 56.0 abcd ± 8.8 108.7 abcde ± 15.5 0.50 ab ± 0.07 

Pinova 56.9 abcd ± 5.5 124.5 abcde ± 5.1 0.63 ab ± 0.06 

Silken 58.2 abcd ± 3.2 123.4 abcde ± 11.2 0.55 ab ± 0.05 

IdaRed 59.1 abcd ± 3.5 114.3 abcde ± 4.1 0.56 ab ± 0.09 

Pazazz 59.2 abcd ± 3.2 130.3 abcde ± 12.4 0.78 a ± 0.04  

Honeycrisp 62.3 abcd ± 13.3 141.7 abcde ± 12.2 0.76 a ± 0.05 

Red Delicious 65.9 abcd ± 8.0 116.6 abcde ± 25.3 0.46 ab ± 0.05 

Pinata 66.0 abcd ± 1.9 151.7 abcde ± 19.0 0.76 a ± 0.10 

Aurora Golden Gala 66.9 abcd ± 5.0 133.9 abcde ± 12.7 0.67 ab ± 0.04 

Gala 69.0 abcd ± 11.1 115.1 abcde ± 18.8 0.56 ab ± 0.06 

Rave 70.7 abcd ± 12.3 149.8 abcde ± 14.7 0.74 a ± 0.16 

Blondee 72.6 abcd ± 8.0 129.7 abcde ±29.4 0.52 ab ±0.08 

Ambrosia 72.9 abcd ± 1.4 132.8 abcde ± 7.0 0.60 ab ± 0.11 

SweeTango 74.9 abcd ± 6.7 156.0 abcde ± 18.3 0.67 ab ± 0.09 

Granny Smith 87.8 abc ± 10.9 174.3 abcde ± 28.7 0.55 ab ± 0.08 

SPA 1062 89.9 abc ± 7.9 186.8 abc ± 14.1 0.56 ab ± 0.07 

Salish 90.4 abc ± 10.7 179.5 abcd ± 6.6 0.66 ab ± 0.07 

SPA 1080 95.2 ab ± 16.6 174.8 abcde ± 28.3 0.51 ab ± 0.11 

Pink Lady 97.1 ab ± 11.9 207.2 a ± 26.3 0.60 ab ± 0.03 

Crimson Crisp 97.3 ab ± 10.5 197.2 ab ± 15.2 0.54 ab ± 0.05 

Smitten 99.4 a ± 14.9 184.4 abcd ± 38.2 0.58 ab ± 0.10 
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Table 4.4 Mean instrumental measurements of 29 apple varieties in Year 2. Fishers LSD was 

used to find significant differences of instrumental measurements among varieties. Different 

letters in a column indicate significant differences at p < 0.05.  

 Apple Varieties 

Penetrometer Peak Force 

(N) (F = 17.3, 

p < 0.0001) 

5-Blade Kramer Shear Peak 

Force (N) (F = 9.4, 

p < 0.0001) 

Juice Expressed 

(g) 

(F = 14.9, 

p < 0.0001) 

Paula Red 42.0 d ± 5.4 65.9 cd ± 16.4 0.41 bc ± 0.01 

Vineland Apple 4 52.4 cd ± 4.9 64.6 cd ± 12.2 0.38 bc ± 0.00 

Ginger Gold 54.0 bcd ± 5.7 55.2 d ± 13.0 0.37 c ± 0.01 

McIntosh 54.3 bcd ± 3.9 101.8 abcd ± 28.5 0.46 abc ± 0.00 

Red Delicious 56.2 bcd ± 8.8 69.6 bcd ± 16.7 0.53 abc ± 0.01 

Silken 59.3 bcd ± 7.2 90.4 abcd ± 18.5 0.42 bc ± 0.01 

Pinata 61.2 bcd ± 10.7 105.8 abcd ± 19.8 0.57 abc ± 0.00 

Rave 62.1 bcd ± 3.7 136.6 abc ± 12.3 0.86 a ± 0.01 

Fuji 64.4 bcd ± 1.3 108.9 abcd ± 14.7 0.64 abc ± 0.01 

Spartan 64.9 bcd ± 12.8 86.6 abcd ± 23.3 0.40 bc ± 0.00 

Gala 65.4 abcd ± 5.9 102.0 abcd ± 15.1 0.48 abc ± 0.01 

SweeTango 66.9 abcd ± 2.4 103.8 abcd ± 15.6 0.62 abc ± 0.01 

Vineland Apple 1 67.4 abcd ± 1.7 114.7 abcd ± 14.9 0.66 abc ± 0.00 

Empire 67.8 abcd ± 3.9 113.6 abcd ± 24.0 0.61 abc ± 0.00 

Pink Lady 68.6 abcd ± 3.6 115.2 abcd ± 21.6 0.47 abc ± 0.01 

Pazazz 68.8 abcd ± 8.5 119.5 abcd ± 14.9 0.73 abc ± 0.00 

Granny Smith 69.5 abcd ± 6.2 132.7 abcd ± 13.8 0.51 abc ± 0.01 

Honeycrisp 70.0 abcd ± 7.0 103.9 abcd ± 6.2 0.80 ab ± 0.01 

Blondee 74.7 abcd ± 8.3 124.2 abcd ± 28.9 0.66 abc ± 0.01 

SVC 43956 78.1 abcd ± 3.8 113.2 abcd ± 17.0 0.56 abc ± 0.00 

Ambrosia 78.6 abcd ± 4.6 123.6 abcd ± 24.4 0.67 abc ± 0.01 

Vineland Apple 2  80.3 abcd ± 4.7 129.8 abcd ± 16.5 0.84 a ± 0.00 

Vineland Apple 3 81.4 abcd ± 5.4 135.0 abc ± 13.9 0.83 a ± 0.01 

Vineland Apple 5 83.5 abc ± 18.2 135.7 abc ± 36.4 0.39 bc ± 0.00 

Aurora Golden Gala 85.7 abc ± 6.8 158.1 a ± 24.9 0.60 abc ± 0.01 

Smitten  86.0 abc ± 5.2 146.6 ab ± 16.7 0.52 abc ± 0.00 

8S5505 92.3 abc ± 4.8 121.8 abcd ± 15.1 0.65 abc ± 0.01 

Salish 94.2 ab ± 1.9 153.9 a ± 23.6 0.65 abc ± 0.01 

Crimson Crisp 106.0 a ± 17.9 155.1 a ± 18.0 0.58 abc ± 0.00 

 

4.5.3 Instrumental and sensory correlations. 

The average peak force from the penetrometer and the 5-blade Kramer shear as well as the 

average amount of juice expressed were compared to the average texture attribute intensities for 
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each variety. Table 4.5 shows the Spearman correlation coefficients between the five texture 

attributes and the average instrumental measurements in Year 1. It was found that peak force 

from the penetrometer and 5-blade Kramer shear significantly correlated with four of the texture 

attributes (crisp, juicy, mealy, and ROM) (p < 0.05), but not with chewy (p > 0.05). Crisp 

perception had the strongest correlation with both the peak forces from the penetrometer (rs = 

0.86) and 5-blade Kramer shear (rs = 0.89). Similarly, ROM also produced strong correlations 

with peak forces from the penetrometer (rs = -0.75) and the 5-blade Kramer shear (rs = -0.85). 

Although juicy and mealy perception had statistically significant correlations with both the 

penetrometer and 5-blade Kramer shear measurements (p < 0.05), the correlations were relatively 

weak: penetrometer (juicy rs = 0.53 and mealy rs = -0.56) and 5-blade Kramer shear (juicy rs = 

0.66, mealy rs = -0.65). In parallel to the results from Year 1, results from Table 4.6 showed 

similar trends among the texture attributes Year 2. It was found that peak force from the 

penetrometer and 5-blade Kramer shear significant correlated with four of the texture attributes 

(crisp, juicy, mealy, and ROM) (p < 0.05), but not with chewy (p > 0.05). In contrast to Year 1, 

the attribute with the strongest correlation was ROM rather than crispness with both the peak 

forces from the penetrometer (rs = -0.72) and the 5-blade Kramer shear (rs = -0.66). Crisp 

perception produced comparable correlations with peak forces from the penetrometer (rs = 0.60) 

and the 5-blade Kramer shear (rs = 0.63). Similar to results from Year 1, juicy and mealy 

perception had statistically significant correlations with both the penetrometer and 5-blade 

Kramer shear measurements (p < 0.05), but the correlations were much weaker: penetrometer 

(juicy rs = 0.37 and mealy rs = -0.48) and 5-blade Kramer shear (juicy rs = 0.44 and mealy rs = -

0.50).  
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Texture attribute correlations with juice expressed showed a different trend compared to the 

penetrometer and 5-blade Kramer shear peak forces. Juice expressed significantly correlated (p < 

0.05) with all five texture attributes in Year 1 (Table 4.5), but only significantly correlated with 

crisp, juicy and mealy (p < 0.05) in Year 2 and was not significantly correlated with chewy or 

ROM (p > 0.05) (Table 4.6). Juicy expressed produced the strongest correlation with juicy 

perception in both Year 1 (rs = 0.73) and Year 2 (rs = 0.87).  

Table 4.5 Spearman correlation coefficients between the average peak force measurements 

(penetrometer and 5-blade Kramer shear), juice expressed and sensory texture attributes of apple 

varieties from Year 1 

Year 1 Crisp Juicy Chewy Mealy Rate of Melt  

Penetrometer Peak Force 0.86*** 0.53** 0.14 -0.56** -0.75** 

5-Blade Kramer Shear Peak Force 0.89*** 0.66*** 0.12 -0.65*** -0.85*** 

Juice Expressed 0.53** 0.73*** -0.40* -0.64*** -0.42* 

Significant Spearman correlation coefficient at p < 0.05, p < 0.01, p < 0.001 is denoted with *, 

**, and ***, respectively.  

Table 4.6 Spearman correlation coefficients between the average peak force measurements 

(penetrometer and 5-blade Kramer shear), juice expressed and sensory texture attributes of apple 

varieties from Year 2 

Year 2 Crisp Juicy Chewy Mealy Rate of Melt 

Penetrometer Peak Force  0.60*** 0.37* 0.27 -0.48** -0.72*** 

5-Blade Kramer Shear Peak Force  0.63*** 0.44* 0.29 -0.50** -0.66***  

Juice Expressed 0.80*** 0.87*** 0.12 -0.78*** -0.16 

Significant Spearman correlation coefficient at p<0.05, p<0.01, p<0.001 is denoted with *, **, 

and ***, respectively.  
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4.6 Discussion 

4.6.1 Correlations between peak force and sensory perception 

Peak force, as measured by the penetrometer and 5-blade Kramer shear, is the resistance of the 

apple flesh to the mechanical impact from the instrument. The more resistant the apple flesh, the 

more force would be needed to pierce the sample. The results from Year 1 and Year 2 showed 

significant positive correlations (p < 0.05) between apple crispness/juiciness and peak force from 

the penetrometer and 5-blade Kramer shear (Table 4.5 and 4.6). These results can be explained 

by how apple flesh breaks down at a cellular level. In non-mealy apples (generally associated 

with crisp and juicy texture), the main mode of tissue failure is through cell fracturing, where 

apple cells break across the equator and release juice (Harker et al., 2002). The study conducted 

by Harker et al. (2002) showed that this mode of fracture resulted in higher penetration forces 

compared to other modes of tissue failure (cell rupture and cell-to-cell debonding), more 

common in softer, mealier apples. Therefore, apples that are crispier and juicier will require 

more force to break down their flesh. One thing to note is that although instrumental peak force 

correlations with juicy perception were significant (p < 0.05), the correlations were not very 

strong in both years (penetrometer: rs = 0.53 and 0.37, 5-blade Kramer shear rs = 0.37 and 0.44). 

This was unsurprising since both attachments only take into account the apple firmness, whereas 

juiciness perception derives from the amount of juice being released from the cells. Although 

there is some relation between firmness and the amount of juice being released from apples, 

results from Tables 4.5 and 4.6 clearly indicate that force measurements cannot predict juiciness 

with great accuracy.  
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The results from Years 1 and 2 showed significant negative correlations (p < 0.05) between peak 

force from the penetrometer and 5-blade Kramer shear and mealy as well as ROM (Tables 4.5 

and 4.6). This result was expected because rate of melt is defined as the “amount of product 

melted after a certain number of chews”. Thus, this texture attribute pertains to how easily the 

product breaks down and if a sample has a higher rate of melt, less force will be needed to break 

down this product. This is clearly shown by strong negative correlations between ROM and peak 

force measurements for both instruments in Years 1 and 2. The negative correlation between 

peak force measurements and mealiness can be attributed to the soft texture component of 

mealiness perception. However, even though the correlations between mealiness perception and 

instrumental peak force were significant (p < 0.05), the correlation values were only moderate 

(penetrometer: rs = -0.56 and -0.65, 5-blade Kramer shear: rs = -0.48 and -0.50) for both years. 

This is likely due to mealiness being a multicomponent attribute. Mealiness is the perception of 

having a soft, dry, and granular flesh. As discussed in Chapter 3, panelists perceive a 

combination of these attributes to rate mealiness intensity. Both the penetrometer and the 5-blade 

Kramer shear attachments only measure firmness of the sample (or in this case, the soft texture 

of mealiness), and neither instruments take into account the dry or granularity aspect of 

mealiness. Therefore, having moderate correlations between peak force measurements and 

mealiness is not unexpected and has previously been observed in penetrometer apple studies 

(Gálvez-López et al., 2012; Zdunek, Cybulska, et al., 2010). 

Results from Tables 4.5 and 4.6 show poor correlations between instrumental peak forces 

(penetrometer and 5-blade Kramer shear) and chewy perception in Year 1 and Year 2, 

respectively. This was anticipated as the perception of chewy takes into account both the flesh 
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and the skin of the apple, while the instrumental testing procedures for both attachments only 

took measurements of the flesh, without the skin.  

Although the same testing procedures were completed in Year 1 and Year 2, there was a 

difference in the correlations between instrumental and sensory data. For the penetrometer and 5-

blade Kramer shear, there was a decrease in the correlations for crisp, juicy, mealy, and ROM. 

Although there was a decrease in the Spearman correlation coefficient, the correlations were still 

statistically significant (p < 0.05). It is speculated that the change in Spearman’s correlation 

coefficient values may be due to the year to year variability of the apples and due to differences 

in the apple set used in each year.  

Results from Tables 4.5 and 4.6 showed that for Years 1 and 2, the 5-blade Kramer shear 

produced higher correlations between texture attributes (crisp, juicy, and mealy) compared to the 

penetrometer. The differences in correlation coefficients between the instruments among the 

texture attributes ranged from 0.02 to 0.13. This may be explained through the functionality of 

each attachment, and how that may be related to the panelists’ oral processing of apple samples. 

During the course of penetrometer tests the probe punctures the apple flesh. However, when 

panelists take a bite of the apple or chew the sample, the apple is not punctured by their teeth. 

Instead, the panelists’ teeth shear through the sample as they take their first bite, which is more 

similar to the motion of the 5-blade Kramer shear. The multiple blades on the 5-blade Kramer 

shear are also more representative of the teeth, rather than a single 11.1 mm (diameter) convex 

probe.  
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4.6.2 Juice expressed and sensory perception  

Tables 4.5 and 4.6 show significant correlations between juice expressed and apple texture 

attributes (p < 0.05). Similar to the peak force data, Spearman correlation coefficients between 

juice expressed and sensory attributes also differed between Year 1 and Year 2. However, unlike 

in the peak force data, the second year saw an increase in the correlations for most attributes 

rather than a decrease (crisp, juicy, and mealy). Juicy perception showed the highest correlation 

among the texture attributes with juice expressed in both years (rs = 0.73 and 0.87). This was 

expected as juice expressed measures how much juice was expelled from the apple sample 

during instrumental testing (mimicking a bite of apple flesh), and juice perception pertains to 

how much juice is released during mastication. Table 4.5 also shows that in Year 1, crisp and 

mealy perception correlations with juice expressed were much weaker compared to juicy 

perception. This was also expected as crisp perception does not directly relate to how much juice 

is expressed by the apple. Mealiness perception is defined as a perception of soft, dry, and 

granular flesh, therefore the “dry” (i.e. lack of juice) aspect may explain the stronger correlation 

between mealiness and juice expressed compared to crisp. Similar to juicy perception, Table 4.6. 

shows that crisp and mealy perception had stronger correlations in Year 2 to juice express than 

Year 1. It should be noted that even though these correlations did increase in Year 2, they were 

still weaker than the correlation between juicy perception and juice expressed. This result 

indicates that although juice expressed is a strong predictor of juiciness perception, which is an 

important aspect of mealiness, juice expelled alone is not sufficient to reliably predict this 

multicomponent attribute.  
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Unlike crisp, juicy, and mealy perceptions, chewy and ROM perception saw a decrease in 

Spearman’s correlation coefficients from Year 1 to Year 2. Although, there was a significant 

negative correlation between juice expressed and chewy and ROM perception in Year 1 (p < 

0.05), in Year 2, the correlations were weak (rs = 0.12 and rs = -0.16, respectively) and were not 

significant (p > 0.05). Thus, juice expressed cannot be reliably used to predict the attributes 

chewy and ROM. 

4.7 Conclusion 

The present study investigated the use of a 5-blade Kramer shear to replace the use of the 

penetrometer when instrumentally evaluating apple texture. Results from this study showed that 

the 5-blade Kramer shear produced stronger correlations with texture attributes than the 

penetrometer. These stronger correlations may be attributed to how the 5-blade Kramer shear 

more closely resembles the action of teeth during mastication where samples are sheared rather 

than punctured, such as in the penetrometer. Furthermore, a second advantage of the 5-blade 

Kramer shear over the penetrometer is that it allows for the collection of juice expelled from 

each test. Results from measuring the juice expressed were found to have the strongest 

correlation with juicy perception among all instrumental measurements in Years 1 and 2.  Thus 

using the 5-blade Kramer shear, it is possible to obtain good quality predictions of both apple 

crispness/firmness as well as juiciness. However, one drawback of using the 5-blade Kramer 

shear over the penetrometer is that the measurements requires a slightly more complex sample 

preparation than the penetrometer measurements along with the collection of the juice expelled, 

thus more time is required for data collection. Data collection for the 5-blade Kramer shear 

would approximately take 4 minutes per sample, while the penetrometer would only take 1 
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minute per sample. Although conducting 5-blade Kramer shear measurements may be more time 

consuming, the quality of data that can be obtained through these measurements far outweighs 

this disadvantage it may have. Therefore, the 5-blade Kramer shear should be adopted and be 

used as a means to predict apple texture over the penetrometer in the apple industry.  
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5 Tribology 
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5.1 Abstract 

Application of tribology in food systems has primarily focused on liquids and semi-solids. The 

present study examined texture perception in a solid food, using apples as the proof-of-concept. 

The study aimed to assess a) the ability of tribological measurements to predict a 

multicomponent sensory property (mealiness) in hard food, and b) the impact of two common 

motion patterns (rotational and linear reciprocating) on tribological measurements and 

mathematical correlations with sensory texture of a hard food. The textures of ten apple varieties 

were evaluated by a trained sensory panel while friction and wear behavior were measured 

instrumentally. Spearman correlations indicated that texture attributes (crisp, juicy, mealy, and 

mailto:Alexandra.Grygorczyk@vinelandresearch.com
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rate of melt) significantly correlated with total penetration depth (p < 0.05) and with friction 

coefficients during the transient (non-equilibrium) phase (p < 0.05), but not with friction 

coefficients from the steady-state phase in both rotational and linear tribology (p > 0.05). This 

was an important finding as the steady-state phase is predominantly used in food tribology 

research, yet our findings showed poor correlations with steady-state data, while showing strong 

correlations with sensory perception in the transient phase. The strong mathematical correlations 

found in the transient phase suggest that test conditions that provoke a dynamic friction response 

from the sample may more closely resemble the conditions under which humans perceive 

friction during oral processing. 

5.2 Introduction 

Tribology, the study of friction, wear, and lubrication of two interacting surfaces in motion, has 

been rapidly growing in popularity among food scientists, particularly in the past two decades. A 

key component of the above definition is that tribological data depends on how the sample 

surface interacts with a second surface, meaning it is a system property (Kloos, 1975; Pradal & 

Stokes, 2016). Compared to some properties such as Young’s modulus that are inherent to the 

food and will be the same regardless of the experimental setup and environmental conditions, a 

system property will vary depending on the interaction between the sample and test environment 

(Pradal & Stokes, 2016; Shewan, Pradal, & Stokes, 2020). The results obtained in any 

tribological study will therefore differ depending on the probe material, lubricant properties, 

measurement speed, motion type, and other features of the measuring system (Campbell, 

Foegeding, & van de Velde, 2017; Prakash, Tan, & Chen, 2013; Rudge, Scholten, & Dijksman, 
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2019; Sarkar & Krop, 2019; van Stee, de Hoog, & van de Velde, 2017). Therefore, friction 

behavior must be considered within the context of the instrument setup.  

Friction can be measured using dedicated instruments (tribometers), as well as other instruments 

such as rheometers with a tribology attachment, scratch testers, or a texture analyzer equipped 

with a friction rig. When collecting friction data, the friction behavior of a sample can be studied 

in two ways: as a function of speed at constant time intervals (i.e. entrainment speed) or as a 

function of time at a constant speed. The appropriate mode should be selected based on the 

objective of the study and limitations of the sample (e.g. time sensitivity, limited sample 

quantities).  

A number of studies on liquid or semi-solid foods have examined the relationship between the 

friction coefficient and sensory perception  (Chojnicka-Paszun, de Jongh, & de Kruif, 2012; 

Laiho, Williams, Poelman, Appelqvist, & Logan, 2017; Li, Joyner, Carter, & Drake, 2018; 

Sonne, Busch-Stockfisch, Weiss, & Hinrichs, 2014). Previous studies have found correlation 

coefficients (r) between creaminess perception and the friction coefficient in homogenized milk 

with varying fat contents (r = -0.94 and r = -0.93 for silicone and neoprene, respectively)  

(Chojnicka-Paszun et al., 2012), and in yogurts by Sonne et al. (r = -0.698 p < 0.05) (2014) and 

Laiho et al. (r = -0.99 p < 0.05) (2017). Conversely, others did not find significant correlations 

between creaminess perception of milk and the friction coefficient (Meyer, Vermulst, Tromp, & 

De Hoog, 2011). Other texture perceptions such as yogurt smoothness (r = -1.0 p < 0.05), lumpy 

(r = 0.95 p < 0.05), and graininess (r = 0.99 p < 0.05) also correlated with the friction coefficient 

(Laiho et al., 2017). However, the measurements of Sonne et al. (2014) exhibited poor 

correlations with yogurt grainy texture (r = 0.264, p > 0.05) and slimy texture (r = -0.551, p > 

0.05). Similarly, Chojnicka-Paszun, Doussinault, and De Jongh (2014) found poor correlations 
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between friction coefficients and sliminess (r = -0.075, α > 0.05) and sticky (r = 0.194, α > 0.05) 

perceptions in polysaccharide-protein gels. These results provide contradictory evidence for 

correlations between sensory properties and friction coefficients as they relate to semi-solid and 

liquid food products. Some of these contradictions may arise due to differences in the 

experimental setup including the choice of interacting surface (e.g., stainless steel, neoprene, 

styrene butadiene rubber) and choice of tribology instrumentation (e.g., ball-on-disc, double ball-

on-plate, reciprocating pin-on-disk, ball-on-three-pins). Sarkar and Krop (2019) presented a table 

listing the different test conditions that have been used in studies attempting to correlate food 

tribology with sensory evaluation. Therefore, additional study is needed to clarify which test 

conditions lead to meaningful correlations and a better understanding of friction-sensory 

relationships.  

While a number of studies have examined liquid and semi-solid food, very little work exists to 

examine relationships between sensory properties and friction coefficients in solid foods. 

Research has been conducted to correlate sensory perception and tribology of chocolate (a hard 

solid food), however the study focus was on chocolate texture during melting, therefore samples 

were only evaluated after oral processing  (Carvalho-da-silva, Van Damme, Taylor, Hort, & 

Wolf, 2013). To the best of our knowledge, only one paper thus far has presented correlations 

between the friction coefficient and sensory perception of solid food. This study collected 

friction data from gluten-free bread using a ball-on-three pins tribological setup with three steel 

spheres sliding at 1 mm/s with a normal force of 0.2 N (Kiumarsi et al., 2019). Positive 

correlations (p < 0.05) between texture perceptions (firmness, chewiness, and dryness) and the 

friction coefficient were observed (Kiumarsi et al., 2019). Considering these promising results, 
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there is a need to further explore the application of tribology in the study of solid and/or hard 

foods.  

Over the years, apples have frequently been used as an exemplar hard food in studies examining 

texture perception, as they are among the top three fruits produced globally (FAO, 2017) and 

clear relationships exist between texture perception and apple fruit physiology (Harker, Lau, & 

Gunson, 2003; Harker, Stec, Hallett, & Bennett, 1997; Harker & Hallett, 1992; Lapsley, Escher, 

& Hoehn, 1992; Piazza & Giovenzana, 2015). However, predicting apple texture using 

instrumental measures has been a challenge, with many instruments falling short of producing 

consistent correlations across studies. The perception of apple mealiness has been particularly 

difficult to correlate with instrumental measures. There is conflicting evidence regarding whether 

or not penetrometer or compression measurements can be used to correlate with apple mealiness 

(Barreiro et al., 1998; Ioannides et al., 2007; Mehinagic et al., 2004; Zdunek, Cybulska, 

Konopacka, & Rutkowski, 2011). The lack of consistency can be partly attributed to correlations 

that only hold true for certain apple varieties as well as differing definitions of mealiness across 

studies (see Table 3.1). Generally, mealiness is a texture sensation perceived particularly in older 

or improperly stored apples, and the tendency of an apple to exhibit mealy texture is greatly 

influenced by the apple variety. The various definitions of mealiness (Table 3.1) include one or a 

combination of the attributes soft, dry and/or granular (floury, grainy, powdery, meal-like). For 

the purposes of the present study, a comprehensive definition of mealiness was used which 

described the term as dry, granular and soft flesh.  

From the various definitions, it is clear that mealiness is a multicomponent attribute. This may 

partly explain why it has been challenging to predict mealiness consistently using 

unidimensional instrumental measurements. However, friction measurements may be well suited 
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for predicting mealiness as friction depends on several contributing physical properties, 

including hardness, surface roughness, and lubrication. Similarly, comprehensive definitions of 

mealiness describe it is as a soft, dry, and granular texture (Bowen, Blake, Tureček, & Amyotte, 

2019; Harker & Hallett, 1992; Johnston, Hewett, & Hertog, 2002; Segonne et al., 2014), 

characteristics which appear to be well aligned with factors influencing the friction coefficient.  

The present study was designed to adapt the use of tribology to examine textural attributes in a 

solid, hard food (i.e. an apple). The goal of this study was to assess a) the ability of tribological 

measurements to predict a multicomponent sensory property (mealiness), and b) the impact of 

different motion patterns on tribological measurements and correlations with sensory texture of a 

hard food. 

5.3 Materials and methods 

5.3.1 Products 

Ten apple varieties (Ambrosia, Blondee, Cortland, Empire, Gala, Golden Delicious, Honeycrisp, 

McIntosh, Red Delicious, and Spartan) were purchased at a local retailer (Ontario, Canada). 

Apples were obtained from cold storage at a local grocery store and sorted to select only apples 

that were free of bruising and blemishes. These varieties were selected based on availability and 

because they represented a wide range of texture attributes as determined by sensory evaluations 

from previous years. After purchasing, apples were stored at 2 - 4°C for at least 10 days. Apples 

were removed from storage and were kept at room temperature for 24 hours prior to testing.  

Seventy apples (7 of each variety) from this batch were delivered to the University of Idaho 

(Moscow, Idaho) and another seventy to the University of California, Merced (Merced, 
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California), transported with ice packs to maintain a refrigerated temperature. Upon arrival at 

each location, apples were put into refrigerated storage (2-4°C) until 24 hours before testing.  

To ensure that the conditions during shipping did not accelerate apple ripening 

disproportionately and the apples therefore arrived with comparable quality, apple ripeness was 

evaluated using the starch-iodine (SI) index (Blanpied & Silsby, 1992). Each apple variety was 

analyzed for SI index at all three locations (Vineland Research and Innovation Centre, University 

of Idaho, and University of California, Merced) along with sensory analysis at Vineland 

Research and Innovation Centre, and tribology at the University of Idaho and the University of 

California, Merced. Analyses were coordinated between locations in order to complete 

measurements on the same apple variety at all three location within 24 hours of each other to 

ensure consistent apple ripeness levels. 

5.3.2 Trained sensory panel evaluation 

The recruitment process of the trained panel and development of the sensory lexicon followed 

previous protocols established by Vineland Research and Innovation Centre (see Bowen et al., 

2019). The panelists are members of the surrounding community who are part-time employees of 

Vineland Research and Innovation Centre, solely as sensory panelists. Panel sessions take place 

1 - 2 times per week throughout the year in 1.5-hour sessions. The panel specializes in evaluating 

horticultural products and has extensive experience with apples, having contributed to multiple 

preference maps, including one recently published by Bowen et al. (2019). Standard sensory 

training protocols were applied including the use of reference samples( as outlined in Bowen et 

al., 2019) and statistical monitoring of panel performance throughout training and data 

collection.  
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Sensory evaluation in the form of generic descriptive analysis was carried out in duplicate by the 

trained sensory panel (n= 17) over two consecutive days. A total of 5 varieties were evaluated 

per day. On the first day 11 panelists were available for evaluation (Ambrosia, Empire, Gala, 

Golden Delicious, and Spartan), and on the second day, 17 panelists were available for 

evaluation (Blondee, Cortland, Honeycrisp, McIntosh, and Red Delicious). All sensory 

evaluations were performed in the sensory lab at Vineland Research and Innovation Centre in 

semi-isolated booths at an ambient room temperature of approximately 20°C. The panel 

evaluated the apples based on 18 attributes (see Appendix Table B.1) that described aroma, taste, 

and texture rating them on 100-point 15 cm line scales anchored from “weak” to “intense” with 

anchors 1-cm from either end of the scale. Data were collected using EyeQuestion software 

(Logic 8, Netherlands).  

Whole apples were cut into eight equal wedges immediately before serving to avoid browning. 

Each sample consisted of two wedges with skin-on and core removed, served in a 2 oz. clear 

plastic cup labeled with a unique three-digit code. Samples were presented under red lighting in a 

random, balanced design and presentation of samples to panelists was monadic. Panelists were 

instructed to rinse their palates with filtered water and unsalted crackers (Premium Plus, 

Nabisco) between samples.  

5.3.3 Tribological measurements 

A total of six measurements were completed per apple variety (three apples per variety and two 

measurements per apple with one measurement on each half) in each of the two locations. Apple 

samples were cut immediately before conducting each instrumental measurement. Gala and 

Golden Delicious only had 5 repetitions on the rotational instrument due to apple samples 
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cracking during slicing. Apple sides are typically referred to as the blush side and the shade side. 

The blush side tends to be redder due to increased sun exposure, while the shade side tends to 

have less colour as it faces away from the sun during maturation. Since the two sides can have 

different textural properties due to sun scalding (Harker et al., 2002), apples were cut vertically 

down the centre of the blush and the shaded areas, resulting in similar blush coverage on either 

half. Those halves were then cut into 4 cm (width) x 4 cm (length) x 1 cm (thickness) slices (no 

skin). A commercial meat slicer was used at the University of Idaho location and a cutting guide 

(plexiglass box with parallel slits) was used at the University of California Merced location to 

facilitate cutting the apples into slices with parallel surfaces and constant thickness. Samples 

were then held in place either using a sample holder (linear reciprocating) or with double-sided 

tape and super glue on the base of the sample (rotational). The super glue and double-sided tape 

were replaced between each test. 

Friction and wear measurements were completed using an Anton Paar MCR 702 Rheometer 

(Anton Paar, GmbH; Grahz, Austria) with a double ball-on-plate apparatus at the University of 

Idaho (rotational motion) and a Rtec Instruments Multifunction tribometer (Rtec, USA) at the 

University of California, Merced (linear reciprocating motion). Photos of the instrument setup at 

each location are shown in Figure 5.1. For both instruments, each test was run at 5 mm/s for 300 

s. Therefore, the present study collected tribological data as a function of time rather than as a 

function of sliding speed due to limited sample volumes and logistical considerations. The 

sliding speed of 5 mm/s was used as this was the maximum speed on the Rtec tribometer. 

Previous studies have found that in-mouth shear rates for hard foods range from approximately 5 

to 30 mm/s, therefore these measurements were within the typical range (Kohyama, Nakayama, 

Watanabe, & Sasaki, 2005; Langley & Marshall, 1993; Varela, Salvador, & Fiszman, 2008). A 
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normal force of 1 N was applied, as this force has successfully been applied in many 

biotribology studies (Anvari & Joyner (Melito), 2017; Bongaerts, Rossetti, & Stokes, 2007; Li et 

al., 2018; Melito, Daubert, & Foegeding, 2013; Selway & Stokes, 2013), and is comparable to 

the oral forces during swallowing of 0.5 N to 10 N (Miller & Watkin, 1996). Polypropylene balls 

(McMaster-Carr, USA) were used for all tribological tests and the balls were replaced for each 

apple variety (every 6 runs) to ensure the balls were not worn. Note that the polypropylene balls 

remained stationary during tests on both instruments and did not roll inside the holders. The 

propylene balls were either 12.7 mm in diameter (rotational movement) or 9.5 mm in diameter 

(linear reciprocating), depending on the size that fit the ball holder. As apple juices are water-

soluble, contact surfaces were washed with water (filtered by reverse osmosis) between each test 

and wiped down with Kimwipes (Kimberley-Clark Corporation, USA). Penetration depth for 

both instruments was measured by the change in the vertical position of the ball holder. 
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Figure 5.1 A photo of a rotational double ball-on-plate tribological system (left) and linear 

reciprocating tribometer (right) used in this study  

5.3.4 Data analysis 

For the sensory evaluation data, a Shapiro-Wilk’s normality test and Levene’s test of 

homogeneity of variances were used to determine if the data met the assumptions of analysis of 

variance (ANOVA). Attributes with heterogenous variances were transformed using a Box-Cox 

transformation. Attributes that continued to have heterogenous variances were analyzed using a 

one-way ANOVA with the Welch statistic and Games-Howell for post hoc analysis. A three-way 

mixed model (assessor, product, replicate) ANOVA was conducted to analyze descriptive data 

that met the assumptions of ANOVA, with Tukey’s Honestly Significant Difference (HSD) for 

the post hoc analysis. Inter-correlation among the texture attributes were calculated using 

Spearman’s correlation (rs). 
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Tribology data was analyzed on a per stroke basis, with the average friction coefficient 

calculated for each stroke. These values were later used to determine which stroke number 

produced the highest mathematical correlation with sensory data. Since the rotational instrument 

was a double ball-on-plate setup, one stroke on this instrument was defined as a half rotation by 

the spindle, so that the surface of the apple was only touched once by a polypropylene ball in a 

stroke length. One stroke covered 47 mm and lasted approximately 10 s. One stroke of the linear 

reciprocating tribometer consisted of a single motion forward or backward and was 30 mm in 

length and 6 s in duration. The distance of 30 mm was selected for the linear reciprocating setup 

because this was equivalent to the diameter on the rotational setup (which was not adjustable), 

therefore the two systems covered a similar amount of apple surface variability in the plane of 

the apple surface. The friction coefficient was calculated as the frictional force divided by the 

normal force. The data was processed to reduce noise by taking the moving average of four 

strokes. Next, the friction curve for each apple was averaged across replicates. Finally, each data 

point was labelled according to the stroke number it belonged to and friction coefficients were 

averaged within each stroke.  

To compare sensory and tribological data, the average perceived intensity was calculated for 

each texture attribute for each of the 10 apple varieties. Correlations between the average 

intensity for a given attribute and the average friction coefficient per stroke across the 10 apple 

varieties were determined using Spearman’s correlation. Although these correlations are 

mathematical correlations rather than direct correlations between structure and perception, they 

will be referred to simply as “correlations” subsequently in the manuscript for ease of reading. 

This process was repeated for tribological data from the rotational instrument and the linear 

reciprocating instrument. Correlations between the average intensity for a given attribute and the 
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average penetration depth at the end of the run (five minutes) were also determined using 

Spearman’s correlation.  

All data analyses were conducted using XLStat 2019 (Addinsoft, France) and the cut-off for 

significance in statistical analyses was p < 0.05. 

5.4  Results 

5.4.1 Sensory evaluation of texture attributes in apples.  

Although 18 attributes were assessed by the sensory panel as part of the overall project, the 

current paper focuses on the texture attributes only. Significant differences in intensity were 

found for all the texture attributes across apple varieties (Table 5.1). Mealiness perception ranged 

from 19.3 (Ambrosia) to 65.2 (Spartan), crisp from 22.6 (Cortland) to 61.5 (Ambrosia), juicy 

from 22.5 (Cortland) to 59.7 (Honeycrisp), and rate of melt (ROM) from 47 (Gala) to 73.2 

(Spartan)   
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Table 5.1 Mean texture perceptions of 10 apple varieties rated out of 100. Attribute intensity was 

rated on a 15 cm line scale anchored from “weak” (anchored at 10) to “intense” (anchored at 90). 

Different letters in a column indicate significant differences at p < 0.05 

Apple Variety Mealy Perception 

(F = 22.8, 

p < 0.001) 

Crisp Perception 

(F = 52.2, 

p < 0.001) 

Juicy Perception  

(F = 31.8, 

p < 0.001) 

ROM Perception  

(F = 5.3, 

p < 0.001) 

Spartan 65.2a ± 14.7  23.9de ± 10.9  28.8ef ± 14.7  73.2a ± 14.7  

Cortland 64.8a ± 18.4  22.6e ± 11.0 22.5f ± 9.4  72.3a ± 13.9  

Blondee 56.7ab ± 20.8  27.8cde ± 10.4  29.9ef ± 13.1  67.5ab ± 12.0 

Empire 48.3ab ± 22.8  32.7bcd ± 14.0  37.2de ± 15.8  60.5abc ± 18.1  

Golden Delicious 41.7bc ± 19.4  35.6bc ± 13.4  39.0de ± 15.6  63.7abc ± 14.6  

McIntosh 40.5bc ± 21.2  31.0cd ± 11.1  43.1cd ± 14.8  63.5abc ± 15.6  

Red Delicious 37.9cd ± 23.8  41.1b ± 15.7  46.0bcd ± 17.1  62.9abc ± 15.3  

Honeycrisp 21.6de ± 17.6  59.0a ± 10.4 59.7a ± 13.2 a 55.1bc ± 19.2  

Gala 19.5e ± 8.2  59.4a ± 11.6  50.7abc ± 12.2  47.0c ± 24.3  

Ambrosia 19.3e ± 11.5  61.5a ± 12.6  55.4ab ± 18.1 ab 49.5c ± 22.2  

 

5.4.2 Wear 

The wear behavior of each variety was approximated as penetration depth, as wear depth was not 

measured and penetration depth encompasses both deformation depth (due to the deflection of 

the sample under the applied load) and wear depth (due to material being removed from the 

contact area) (Tan & Joyner, 2018). Figure 5.2 shows the change in penetration depth over time 

for the ten apple varieties. In the rotational system, the wear behavior of the various apple 

varieties could not be differentiated for the first 100 s, after which differences started to become 



70 

 

apparent and softer (mealy and not crisp) apples began to show more wear than apples that were 

harder (crisp and not mealy). At the end of the tests, the difference in penetration depth between 

the hardest and softest apples was around 0.6 mm. In the linear reciprocating system, apples 

showed distinct wear behaviour almost immediately and ended with a wider spread in final 

penetration depth (approximately 1 mm between the softest and hardest apple). However, the 

rotational system ultimately resulted in greater penetration depths for all the apples. 
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Figure 5.2 Change in penetration depth plotted over time for 10 apple varieties examined using 

rotation and linear reciprocating tribological systems under 1.0 N of normal force 
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5.4.3 Friction 

Friction coefficient curves from rotational and linear reciprocating tribological systems shown in 

Figure 5.3. depict the change in friction coefficient over time as well as the difference in 

magnitude of the friction coefficient between the apple varieties. The friction curves can be 

separated into two phases: a transient phase where the system has not yet reached equilibrium 

and a steady-state phase where the system reaches equilibrium and the friction curve flattens out. 

For ease of viewing, plots of the friction coefficient over time are shown with the x-axis cut off 

four strokes after all apples reach the steady-state phase, as the friction coefficients did not show 

notable changes after that point. For the rotational system, all apple varieties reached steady-state 

by stroke 23, whereas for the reciprocating system, all varieties reached steady-state by stroke 6. 

Generally, the friction coefficients measured in the rotational system were slightly higher than 

those in the linear reciprocating system; the rotational system also produced a wider range of 

coefficients. Friction coefficients in the rotational system ranged from around 0.25 to 1, with 

most apples exhibiting a starting friction coefficient between 0.5 and 0.8. The friction 

coefficients in the linear reciprocating system ranged from 0.3 to around 0.6 with most falling 

between 0.3 and 0.5 in the initial strokes.  
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Figure 5.3 Average friction coefficients plotted against time of 10 apple varieties for the 

rotational (a) and linear reciprocating (b) tribological measurements under 1.0 N of normal force. 

Numbers indicated at the bottom of each graph represents stroke number. Steady-state is 

delineated approximately where all apples have reached the steady-state phase 
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5.4.4 Correlations between texture and instrumental surface properties 

The average penetration depth at the 5 min mark from the rotational (Table B.2) and the linear 

reciprocating (Table B.3) tribological systems were used for correlation with sensory data. Table 

5.2 shows the Spearman correlation coefficients between four texture attributes and the average 

penetration depth at 5 min. It was found that penetration depth from both the rotational and linear 

reciprocating tribological systems significantly correlated (p < 0.05) with all four sensory 

attributes. Juicy perception had the highest correlation in the rotational test with rs = -0.89 

(p < 0.001) (Table 5.2), while mealy perception had the highest correlation in the linear 

reciprocating test with rs= 0.95 (p < 0.001) (Table 5.2).  

Table 5.2 Spearman correlation coefficients between penetration depth at 300 s (rotational and 

linear reciprocating motions) and sensory texture attributes if 10 apple varieties 

Rotational     

Variable Mealy Crisp Juicy Rate of melt 

Penetration Depth 0.84*** -0.77* -0.89*** 0.79** 

     

Linear 

Reciprocating 

    

Variable Mealy Crisp Juicy Rate of melt 

Penetration Depth 0.95*** -0.90*** -0.88*** 0.84*** 

Significant Spearman correlation coefficient at p<0.05, p<0.01, p<0.001 is denoted with *, **, 

and ***, respectively.  

It was found that the average friction for each stroke in the transient phase correlated 

significantly (p < 0.05) with all of the texture attributes in both the rotational (strokes 1 - 23) and 

linear reciprocating (strokes 1 - 6) instruments across the ten apples (Tables 5.3. and 5.4.). These 
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correlations decreased quickly and became non-significant (p > 0.05) as the systems reached 

equilibrium and entered the steady-state phase. For a graphical display of the correlation 

coefficients for both tests as a function of stroke number see Figures A.3 and A.4. 
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Table 5.3 Spearman correlation coefficients between the average friction coefficient per stroke 

(rotation system) and sensory texture attributes of 10 apple varieties 

Stroke Number Mealy Crisp Juicy Rate of Melt 

Stroke 1 -0.78* 0.74* 0.84** -0.68* 

Stroke 2 -0.76* 0.78* 0.79** -0.66* 

Stroke 3 -0.76* 0.78* 0.79** -0.66* 

Stroke 4 -0.76* 0.78* 0.79** -0.66* 

Stroke 5 -0.77* 0.80** 0.80** -0.70* 

Stroke 6 -0.77* 0.80** 0.80** -0.73* 

Stroke 7 -0.75* 0.82** 0.78* -0.75* 

Stroke 8 -0.74* 0.80** 0.77* -0.77* 

Stroke 9 -0.74* 0.80** 0.77* -0.77* 

Stroke 10 -0.75* 0.82* 0.78* -0.75* 

Stroke 11 -0.75* 0.82** 0.78* -0.75* 

Stroke 12 -0.75* 0.82** 0.78* -0.75* 

Stroke 13 -0.75* 0.82** 0.78* -0.75* 

Stroke 14 -0.75* 0.82** 0.78* -0.75* 

Stroke 15 -0.75* 0.82** 0.78* -0.75* 

Stroke 16 -0.74* 0.84** 0.77* -0.74* 

Stroke 17 -0.74* 0.84** 0.77* -0.74* 

Stroke 18 -0.72* 0.82** 0.74* -0.73* 

Stroke 19 -0.72* 0.82** 0.74* -0.73* 

Stroke 20 -0.71* 0.80** 0.77* -0.71* 

Stroke 21 -0.71* 0.80** 0.77* -0.71* 

Stroke 22 -0.66* 0.77* 0.71* -0.67* 

Stroke 23 -0.66* 0.77* 0.71* -0.67* 

Stroke 24 -0.54 0.66* 0.62 -0.51 

Stroke 25 -0.48 0.61 0.57 -0.47 

Stroke 26 -0.44 0.60 0.54 -0.45 

Stroke 27 -0.44 0.60 0.54 -0.45 

Significant Spearman correlation coefficient at p < 0.05, p < 0.01, p < 0.001 is denoted with *, 

**, and ***, respectively. 
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Table 5.4 Spearman correlation coefficients between the average friction coefficient per stroke 

(linear reciprocating system) and sensory texture attributes of 10 apple varieties 

Stroke 

Number 
Mealy Crisp Juicy Rate of melt 

Stroke 1 -0.86** 0.94*** 0.88** -0.86** 

Stroke 2 -0.69* 0.79* 0.77* -0.77* 

Stroke 3 -0.64 0.75* 0.73* -0.77* 

Stroke 4 -0.76* 0.84** 0.83** -0.89** 

Stroke 5 -0.76* 0.79* 0.82** -0.89** 

Stroke 6 -0.70* 0.75* 0.77* -0.85** 

Stroke 7 -0.55 0.53 0.56 -0.75** 

Stroke 8 -0.31 0.3 0.35 -0.54 

Stroke 9 -0.16 0.18 0.21 -0.39 

Stroke 10 -0.16 0.18 0.21 -0.39 

Significant Spearman correlation coefficient at p<0.05, p<0.01, p<0.001 is denoted with *, **, 

and ***, respectively.  

The stroke number with the highest correlation coefficient varied widely across the attributes in 

the rotational instrument. However, overall, the correlation coefficients exhibited only minimal 

variation across strokes in the transient phase for this instrument before starting to steadily 

decline as the system approached the steady-state phase. For the attributes mealy, crisp, and 

juicy, the correlation coefficient fluctuated by only 0.03 - 0.06 throughout the transient phase. 

The behavior was somewhat different in the linear reciprocating instrument for which the 

strongest correlations for these same three attributes were all in the first stroke. The correlations 

for all three of these attributes reached a minimum at stroke 3, with the crisp correlation falling 

by as much as 0.22, before climbing back upwards for strokes 4 to 6. Therefore, while any of the 

strokes in the transient phase can be used reliably for texture prediction in the rotational 

instrument, the first stroke was the most robust in the linear reciprocating instrument. Only the 
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attribute rate-of-melt (ROM) produced the highest correlation in strokes four and five (Table 5.4) 

in the reciprocating instrument.  

5.5 Discussion 

5.5.1 Associations between sensory attributes 

The ten apple varieties captured a range of textures, with clear differences being noted for all 

four texture attributes. Apples that were mealier tended to have lower ratings for crisp and juicy. 

Correlations between these attributes showed that mealy perception was inversely correlated to 

crisp (rs = -0.95, p < 0.001) and juicy (rs = -0.95, p < 0.001). These results were expected as 

mealy apples, by definition, have soft, dry, and granular flesh (Harker & Hallett, 1992; Segonne 

et al., 2014). In mealier apples, the cells tend to separate from one another, thereby retaining 

their juices, rather than rupturing through the cells and allowing the juices to burst out into the 

mouth. Furthermore, less force is needed to break down the flesh (hence reducing crispness) in 

mealy apples because the cells separate easily due to pectin degradation, the “glue” that holds the 

cells together (Arefi et al., 2015; Harker & Hallett, 1992; Segonne et al., 2014; Wang, Yeats, 

Uluisik, Rose, & Seymour, 2018). Mealiness was found to be directly related to the perceived 

ROM (rs = 0.915, p < 0.001) (Table B.4 for correlations between sensory attributes). As the 

definition of ROM used by the panel was the “amount of product melted after a number of 

chews”, this can be related to how easily the apple flesh breaks down. Note that while apples do 

not technically “melt”, this term was selected by the panel to describe the sensation of product 

breakdown during chewing and the number of chews was not defined to allow panelists to adapt 

the definition to their individual mouth behavior. Since a mealy apple tends to be soft, it will 

break down at a faster rate, thus increasing ROM perception. Similar to mealy, ROM perception 



79 

 

was inversely related to crisp (rs = -0.915, p < 0.001) and juicy (rs = -0.867, p < 0.01) (see Table 

B.4).  

5.5.2 Factors affecting the friction coefficient 

5.5.2.1 Impact of apple properties on the friction coefficient 

A friction coefficient, as measured in a tribological experiment, quantifies the resistance to 

motion between two surfaces in relative motion. Elastic, dry, and rough surfaces generally lead 

to higher friction coefficients. The present study found a negative correlation between apple 

mealiness and their friction coefficient in the transient phase. In other words, mealier apples, 

which have soft, dry, and granular (rough) flesh, had lower friction coefficients, which was an 

unexpected result.  

Considering how the apple surface interacts with the instrument may explain this observation. 

When cells in non-mealy apples fracture, they fracture through the cellular structure, releasing 

juices (Harker & Hallett, 1992) and leading to increased juicy perception in the mouth. 

Microscopy images of apples (De Smedt, Pauwels, De Baerdemaeker, & Nicolaï, 1998; Harker 

& Hallett, 1992) show that the apple surface includes air pockets dispersed between cells. 

Therefore, in an instrumental setting, cut apples sitting on a flat surface without saliva for 

additional moistening may experience surface drying as the juices collect in cavities (air pickets 

cut across horizontally) in the apple rather than forming a film on the surface. Furthermore, 

frictional heating may contribute to drying of remaining apple juice in the wear tracks of the 

apple surface. Since apple juice is high in sugars, drying on the surface of juicier apples would 

result in increased surface stickiness, thereby increasing the friction coefficient.  
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Another factor that may contribute to the measured friction coefficients is wear of the apples. 

Harder surfaces are often associated with a lower friction coefficient due to the increased 

resistance to wear and adhesion (Mokhtar, 1982), allowing the probe to easily slide over the 

sample. In contrast, softer surfaces deform in response to a load, increasing the contact area 

between the surfaces and generally increasing wear and the friction coefficient. However, softer 

apples were shown to produce lower friction coefficients. Apples reach their elastic limit and 

fracture at small deformations (strain of 0.154 - 0.191) (Paoletti et al., 1993). The elastic limit 

may be especially low in mealy apples in which the cells are known to separate easily. As 

explained earlier, in non-mealy apples, tissue failure occurs within cells whereas in mealy apples 

it occurs between cells due to pectin breakdown in the intercellular space (Harker & Hallett, 

1992). Therefore, it is hypothesized that mealy apples have a lower elastic limit that allows the 

probe to slide easily along the sample to generate a lower friction coefficient (Figure 5.2), as 

opposed to less mealy apples, in which the pectin that deforms and resists the motion of the 

probe remains intact. Structural breakdown was visually evident as wear debris collected during 

measurement of mealier apples, such as McIntosh and Cortland, in both tribological instruments 

(data not shown). This is further supported by the larger penetration depth for mealier apples, 

showing strong correlations (Table 5.2) with mealy perception in both instruments (rotational: rs 

= 0.84, p < 0.001 and linear reciprocating: rs = 0.95, p < 0.001). For traditional engineering 

materials such as metals, softness may result in increased deformation and more resistance to 

sliding. However, in soft apples the cellular structure detaches (cell-to-cell debonding) rather 

than deforms, resulting in lower resistance than in hard apples. 

Therefore, it is suggested that, in less mealy apples, the high bond strength of the apple cells as 

well as the stickiness from the juice dictate the tribological behavior of the sample, resulting in 
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higher friction coefficients. Conversely, in mealy apples, the ease with which apple cells separate 

and the reduced amount of high-sugar juice lead to reduced stickiness and resistance to motion of 

the probe across the apple surface resulting in lower friction coefficients.  

5.5.2.2  Impact of motion type on the friction coefficient 

Friction and wear behavior of apples was examined using two different tribology systems: 

rotational and linear reciprocating. Polypropylene balls from the same manufacturer were used as 

the contact surface in both systems and the balls remained stationary inside the holder and did 

not roll as the probes moved along the surface. However, there were some differences in how the 

contact surfaces interacted with the apples due to the nature of the motion. In the case of the 

rotational instrument, the same face of the ball was continuously facing forward as the probe 

moved in a circle along the apple. On the other hand, in the linear system the face of the ball that 

faced forward during motion alternated between forward and backward strokes of the probe. Due 

to the differences in distance travelled between the probes (circumference of a circle (rotational) 

vs. a straight line across the diameter (linear)), there was also a difference in the time before the 

probe passed over the same spot again. Finally, although both instruments were programmed to 

operate at a sliding speed of 5 mm/s, the rotational instrument moved at a constant speed of 5 

mm/s, while the linear system started n stopped between stroked only reaching a sliding speed of 

5 mm/s at the mid-point of each stroke. Considering the differences between these instruments 

and that friction is a systems property, it should be expected that there will be differences in 

friction and wear behaviour when a sample is tested in these different systems. 

Previous research comparing linear reciprocating, rotational and elliptical movements on the 

friction behavior of an emulsion found similar friction responses in the linear reciprocating and 

rotational instruments (van Stee, de Hoog & van de Velde, 2017). Although results from the two 
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motion types showed similar trends in the present study, the friction coefficients from the 

rotational instrument were generally higher. This may have been due to the drying of juice on 

apple surfaces between strokes as explained in the previous section. In the rotational motion, 

nearly 20 seconds pass before the probe comes into contact with the same spot, whereas the 

linear reciprocating motion only takes 6 - 12 s, depending on the location along the contact area. 

This longer time between passes in the rotational instrument may allow more time for the juice 

expressed in each pass to flow into the cavities between cells and also for drying, making the 

apple surface stickier and thereby increasing the friction between the two contacting surfaces. 

Note that apples do not have directionality in their structure as apple cells are naturally not 

uniform (see De Smedt et al. (1998) and Harker & Hallett (1992) for images of apple structure). 

Therefore, differences in friction measurements between the two systems are not due to the 

probe sliding direction with regards to any sort of orientation in apple structural features. 

Another difference in friction behavior of apple samples between the two instruments was the 

longer transient phase in the rotational instrument. In the rotational instrument, all apples reached 

steady-state by approximately stroke 23 (over 3.5 min), whereas for the reciprocating tribometer 

steady-state was reached in all apple samples within just 6 strokes (36 s). The stress relaxation 

time for apples has previously been measured to be around 1.3 - 1.5 min (Chakespari, 

Rajabipour, & Mobli, 2010). Therefore, before the probe in the rotational instrument slid along 

the same contact surface again, the longer time interval between strokes allowed some of the 

stress that built up under the surface during contact with the probe to dissipate, possibly leading 

to a longer time to steady-state since the material would take longer to compact to its steady-state 

position. 
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5.5.3 Correlations between apple friction coefficients and sensory perception.  

Thus far, tribological food research has predominantly focused on the steady-state phase of 

friction curves with little attention to the transient phase or wear behavior. While a handful of 

food tribology studies have included an examination of the transient phase (Janssen, Terpstra, & 

Prinz, 2007; Selway & Stokes, 2013; Tan, Silva, Martini, & Joyner, 2019; Zad, Seighalani, & 

Joyner, 2019), to our knowledge, none have attempted to link measures of the friction coefficient 

in the transient phase to sensory perception. The practice of using the friction measurements 

from the steady-state phase likely stems from the fact that the traditional use of tribology is in 

areas such as engineering and material sciences (Chen, 2007; Rudge et al., 2019; Sarkar, 

Andablo-Reyes, Bryant, Dowson, & Neville, 2019). Many of the engineering processes that are 

being mimicked in tribological studies are at steady-state, such as an engine running or gears 

rotating. In these cases, the run-in or transient phase is considered noise and generally not as 

important to assessing the functionality or wear of the machinery during long-term operation 

after the run-in period. However, sensory perception is different as it is a highly dynamic process 

(Boehm, Yakubov, Stokes, & Baier, 2020; Stokes, Boehm, & Baier, 2013) and many foods, 

particularly solids, likely never reach steady-state in the mouth prior to swallowing. During oral 

processing, chewing starts and stops, and food is broken down unevenly, resulting in an uneven 

coating of lubricants (juices and saliva). Additionally, oral processing includes a dynamic, ever-

changing combination of linear, extensional, and turbulent flow. Furthermore, the food 

temperature changes as it equilibrates to in-mouth temperature and food properties change as the 

food interacts with salivary enzymes. Considering these continuously changing conditions of in-

mouth evaluations and continuous changing of food properties over the course of oral 

processing, it is reasonable that the transient phase of tribological measurement would better 
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mimic the in-mouth experience. This finding may be particularly relevant to solid foods that 

experience a longer and more complex break down during oral processing compared with semi-

solids or liquids (Hiiemae & Palmer, 1999). Semi-solids and liquids are also easier to process to 

the point of swallowing and are easier to mix with saliva, which means they can more easily and 

quickly coat oral surfaces, leading to more even lubrication. This may account for the 

occasionally successful correlations seen in the literature between sensory and steady-state 

tribological measurements for liquids and semi-solids (Chojnicka-Paszun et al., 2012; Laiho et 

al., 2017; Sonne et al., 2014; Stokes et al., 2013).  

A discussion with the trained sensory panel revealed that it was very difficult to pinpoint an 

exact moment when mealiness was perceived (e.g. during biting, between bites). This may have 

been because mealiness perception is no static and likely changes even during a single chewing 

cycle depending on how the apple particles and juices are interacting with the oral surfaces at 

different points in the cycle. Descriptive sensory analysis requires panelists to average the 

perceived stimulus during chewing to generate and intensity value for each attribute (Cliff & 

Heymann, 1993; Di Monaco, Su, Masi, & Cavella, 2014). Accordingly, the average of friction 

coefficients within a stroke during the transient phase may better mimic human perception of in-

mouth friction where an individual must “average” their continuously changing perception of 

texture attributes. As the friction curves flattened out and steady-state was achieved, their 

correlations with sensory attributes decreased. This suggests that instrumental conditions that 

provoke a dynamic friction response from the sample may more closely resemble the conditions 

under which humans perceive friction during oral processing.   

From among the various studies that have attempted to correlate apple texture with instrumental 

measures, the one instrument that consistently provides a correlation with an apple texture 



85 

 

attribute across different apple varieties is the penetrometer (Abbott, Watada, & Massie, 1984; 

Ioannides et al., 2007; Johnson & Dover, 2005; Mehinagic et al., 2003). However, this 

instrument is a unidimensional measure of apple firmness. Although it consistently correlates 

with perceived apple hardness and crispness, the association with mealiness is inconsistent 

(Zdunek et al., 2011; Zdunek, Cybulska, et al., 2010). As explained in Section 5.2, apple 

mealiness is a multicomponent attribute. This means that a unidimensional measure of apple 

firmness such as the penetrometer could produce correlations as long as the apples being 

measured all have equivalent levels of hardness, crispness, juiciness and granularity. If apples 

have a high level of hardness/crispness but lower levels of juiciness or granularity/graininess, 

then the penetrometer may not provide a good correlation with mealiness. From this perspective, 

friction measurement may be a promising alternative as friction is influenced by many of the 

same factors that determine mealiness. Friction should vary based on the cumulative effects of 

hardness, juiciness and surface roughness and produce consistent correlations. As such, it is not 

surprising that the current study found strong correlations between friction and not only 

mealiness but also other attributes including crispness, juiciness and rate of melt, all of which are 

associated with mealiness 

5.6 Conclusion  

The current study investigated whether tribology can be adapted to examine textural attributes in 

a hard food. This study showed that, in the case of a hard food, friction coefficients from the 

transient phase produced significant correlations between multiple texture attributes (mealiness, 

juiciness, crispness, and ROM), whereas no correlation was found in the steady-state phase. This 

provides insights into the instrumental conditions needed to mimic in-mouth friction behavior of 
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a sample. These findings may be highly significant to how tribology data collection and analysis 

is applied in future food tribology studies linked with sensory evaluation, particularly in hard 

foods.   

Tribological motion (linear reciprocating vs. rotational) was found to have an effect on friction 

values and friction behavior. Both successfully produced strong correlations with sensory texture 

attributes using friction coefficients from the transient phase of the curve. However, results 

showed that the linear reciprocating motion produced slightly higher correlations with sensory 

attributes (albeit, only in the first stroke for most attributes), lower friction values, and reached 

the steady-state phase more quickly. More work would be needed to determine definitively if one 

motion type is superior to the other for predicting sensory properties of apples. 

These results demonstrate the promising potential use of tribology in hard foods. However, they 

also underscore the impact of measurement protocols (e.g. movement type, time between 

contact) on the results, as well as the importance of measuring changes in tribological behavior 

over time when relating instrumental and sensory results.  
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6 Friction Rig 

6.1 Abstract 

Due to the multi-component nature of mealiness, it has been challenging for unidimensional 

instruments (e.g penetrometer, 5-blade Kramer shear) to characterize this attribute. Thus, 

Chapter 5 investigated the use of tribological instruments to characterize mealiness using friction 

measurements. Friction is affected by multiple physical properties such as hardness, surface 

roughness, and lubrication, all which are underlying components of mealiness as highlighted in 

Chapter 3. Results from Chapter 5 showed significant correlations between mealiness perception 

(along with crisp and juicy) and friction measurements at 5 mm/s. However, the issue lies with 

the limited availability of tribological instruments as well as their high costs. With how 

promising measuring friction is for predicting mealiness, it is important to find other instruments 

that more that are more accessible. Thus, the purpose of this research was to a) adapt friction 

measurement protocols from the experiment in Chapter 5 to the friction rig attachment on a 

texture analyzer and determine if this low-cost option is a suitable alternative, and b) investigate 

the impact of speed (5 mm/s and 30 mm/s) on friction measurements of hard food.  

Results showed that friction measurements collected by the friction rig at both speeds (5 mm/s 

and 30 mm/s) produced significant correlations with key texture attributes (crisp, juicy, and 

mealy) across 29 apple varieties. Furthermore, results showed that increasing the speed, on 

average, decreased the friction coefficient values among apple varieties and produced stronger 

correlations with texture perception. It is speculated that the increase in speed induces different 

regimes. Therefore, this study showed that adapting tribological parameters from Chapter 5 for 



88 

 

the friction-rig was successful in predicting apple texture attributes and showed the impact of 

speed on friction measurements of hard food.  

6.2 Introduction 

Chapters 3, 4, and 5 have emphasized the importance of texture in apple consumer preference, 

specifically that mealiness is a strong detractor of liking in apples. Chapter 4 showed that peak 

force measurements from the penetrometer and the 5-blade Kramer shear, albeit weak, produced 

significant correlations with mealiness. Although these unidimensional instruments can be used 

to characterize mealiness, given the multi-component nature of this attribute (as established in 

Chapter 3), other instruments should be investigated. Therefore, Chapter 5 investigated the use 

tribology as a tool to predict mealiness. Tribology is the study of friction, wear, and lubrication 

between interacting two surfaces, and is becoming a popular tool used in the food industry 

(Sarkar & Krop, 2019; Shewan et al., 2020). Tribometers collect friction data, and friction is 

affected by multiple physical properties such as hardness, surface roughness, and lubrication, 

which Chapter 3 showed were all underlying components of mealiness. Results from Chapter 5 

showed significant correlations between mealiness perception (along with crisp, juicy, and rate 

of melt (ROM)) and friction measurements, supporting the use of tribology to predict mealiness. 

Thus, tribology may be a better alternative as it produced strong correlations with the three most 

important texture attributes (crisp, juicy, and mealy). However, a limitation with tribology is in 

its accessibility to researchers and to the industry due to limited availability of tribology 

equipment for rental or contract testing, as well as the high cost of purchasing many of the 

instruments used to measure friction such as tribometers or rheometers with tribology 

attachments. With results showing that friction is a valuable parameter to measure, it is important 
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to find other instruments that are more accessible to the horticulture industry to make these 

measurements. An alternative instrument that can measure friction is a friction rig attachment on 

a texture analyzer. Previous literature has shown that friction rigs can be utilized to measure 

friction of different materials such as cheese (Mattice & Marangoni, 2020) and various cosmetics 

products (Gilbert, Savary, Grisel, & Picard, 2013; Gore, Picard, & Savary, 2018; Savary, Grisel, 

& Picard, 2013). Furthermore, strong correlations were observed between sensory perception and 

instrumental measurements from the friction rig for the various cosmetic products (Gilbert et al., 

2013; Gore et al., 2018; Savary et al., 2013). Thus, this study will investigate the utilization of a 

friction rig attachment on a texture analyzer to measure friction of apples. The advantage of 

using a texture analyzer equipped with a friction rig is that texture analyzers are already widely 

used in the horticulture industry, thereby requiring minimal additional investment to modify the 

equipment to enable collection of friction data. Additionally, this would allow for similar testing 

protocols to be performed as the linear-reciprocating tribometer in Chapter 5.  

Another element that was not examined in Chapter 5 was the impact of speed on friction 

measurements. Therefore two different testing speeds (5 and 30 mm/s) will be examined in this 

experiment to align with the range of in-mouth shear rates for hard foods (Kohyama et al., 2005; 

Langley & Marshall, 1993; Varela et al., 2008). Other studies have shown the impact of speed on 

friction measurements of food through a Stribeck curve (Chojnicka-Paszun et al., 2012; Sarkar et 

al., 2019), showing the friction coefficient decreasing with increasing speeds. Although these 

studies have shown how friction measurements change with respect to speed, none of these tests 

were conducted on a hard food. Therefore, the purpose of this experiment was to a) adapt friction 

measurement protocols from the experiment in Chapter 5 to the friction rig and determine if this 
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low-cost option is a suitable alternative, and b) investigate the impact of speed on friction 

measurements of hard food.  

6.3 Material and methods  

6.3.1 Products 

Twenty-nine apples varieties (twenty-four commercial varieties and five varieties from the 

breeding orchard at Vineland Research and Innovation Centre) were obtained between August 

2019 and January 2020, as per the description provided for the Year 2 apple varieties in Section 

4.3.1. Apple selection as well as storage conditions of these varieties followed protocols 

previously mentioned in Section 4.4.1.  

6.3.2 Sensory profiling 

All sensory evaluation was conducted by Vineland’s trained sensory panel (n = 24) at Vineland 

Research and Innovation Centre, as mentioned in Section 4.4.2. Sensory evaluation for all apple 

varieties followed protocols mentioned in Section 4.4.2. 

6.3.3 Friction rig 

Friction measurements were completed using a friction rig (TA-317A) (Texture Technologies, 

USA) attached to a TA. XT Plus texture analyzer (Texture Technologies, USA) as shown in 

Figure 6.1.  

Apple samples were cut along the transition zone (between the blush and shaded side of the 

apple when applicable) and were held in place by a three-pronged pin platform and 2 kg weight 

(Figure 6.1). Various test parameters were chosen based on the results from the linear 
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reciprocating tribometer in Chapter 5 including test speed, normal force, motion type, stroke 

distance, and ball type. Tests were run at two different speeds (5 and 30 mm/s) to repeat results 

from the linear reciprocating tribometer (5 mm/s) as well as to investigate the impact of using a 

higher speed (30 mm/s) on the friction coefficient. These tests were run for 10 cycles (or 20 

strokes), with each stroke being 30 mm in length to replicate the stroke distance used in the 

linear reciprocating tribometer in Chapter 5. Five replicates were completed for each apple 

variety at each speed. A normal force of 1 N was applied by placing a 50 g weight on the friction 

rig which was measured by a handheld force gauge, as this was the normal force used in Chapter 

5. The 3/8 inch polypropylene balls were used as the contact surface for each friction test, and 

the balls were replaced between each apple variety tested (every 10 runs).  

 

Figure 6.1 A photo of the friction rig used in this study. A) 2kg weight placed on the pin 

platform, B) pin platform, C) contact surface between the friction rig and the apple flesh 
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6.3.4 Data analysis 

Sensory evaluation data was analyzed through protocols outlined in Section 4.4.4. Friction rig 

data was analyzed on a per stroke basis, with the average friction coefficient calculated for each 

stroke. The friction coefficient was calculated as the frictional force divided by the normal force. 

The data was processed to reduce noise by taking the moving average of four strokes. These 

values were then used to determine which stroke number had the highest correlation with the 

sensory data. One stroke on the friction-rig consisted of a single downward or upward motion 

and was 30 mm in length. The friction curves for each variety were then averaged across 

replicates. 

To compare sensory and friction data, the average perceived intensity was calculated for texture 

attributes for each variety. Spearman’s correlation coefficients were calculated between the 

average intensity for a given attribute and the average friction coefficient per stroke across all 

varieties. This process was conducted for the friction data run at 5 mm/s as well as 30 mm/s.  

All data analyses were conducted using XLStat 2019 (Addinsoft, France) and the cut-off for 

significance in statistical analyses was p < 0.05.  

6.4 Results 

6.4.1 Friction coefficient 

Figures 6.2 and 6.3 shows the friction coefficient curves for each speed, illustrating the change in 

friction coefficient over time as well as the range of friction coefficients among the apples. A 

general trend can be seen at both speeds (5 mm/s and 30 mm/s) where friction coefficients for all 

varieties starts off relatively high then decrease with each subsequent stroke. Friction coefficients 
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at 5 mm/s were slightly higher and had a larger variation than those run at 30 mm/s. Friction 

coefficients at 5 mm/s ranged between 0.26 and 0.62, while friction coefficients at 30 mm/s 

ranged between 0.18 and 0.44. 

 

Figure 6.2 Average friction coefficients plotted against time of 29 apple varieties for the friction 

rig run at 5 mm/s under 1.0 N of normal force 
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Figure 6.3 Average friction coefficients plotted against time of 29 apple varieties for the friction 

rig run at 30 mm/s under 1.0 N of normal force 

6.4.2 Sensory evaluation of texture attributes of apples 

All sensory data is shown in Chapter 4, Table 4.2. and discussed in Section 4.5.1.  

Although 18 attributes were assessed by the sensory panel as part of the overall project, this 

research focused only on the texture attributes. Table 4.2 shows that all texture attributes were 

able to discriminate differences among the 29 apple varieties. Intensity of juicy perception 

ranged from 33.5 (Vineland Apple 4) to 65.8 (Rave), crisp perception ranged from 28.3 

(Vineland Apple 4) to 69.8 (Vineland Apple 2), chewy perception ranged from 31.8 (Ginger 

Gold) to 67.6 (Granny Smith), mealy perception ranged from 12.7 (Rave) to 57.3 (Vineland 

Apple 4), and ROM perception ranged from 46.2 (Crimson Crisp) to 72.3 (Granny Smith).  
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Furthermore, a general trend can be seen in Table 4.2 where apples that are more juicy and crisp, 

tended to be less mealy and have a lower ROM.  

6.4.3 Correlations between friction and texture attributes 

Friction coefficients from all strokes were significantly correlated (p<0.05) with crisp, juicy, and 

mealy at both speeds (5 mm/s and 30 mm/s). ROM was also significantly correlated (p<0.05) 

with all strokes from the friction-rig run at 30 mm/s, but only strokes 1 - 5 at 5 mm/s. For both 

speeds, the stroke number with the highest correlation varied widely across the texture attributes. 

The highest correlation coefficients occurred during the earlier strokes (1 - 4) at 5 mm/s for all 

texture attributes, whereas at 30 mm/s the highest correlations occurred during the middle of the 

test run (strokes 6 - 11). Although the correlation coefficients for juicy, crisp, and mealy differed 

among the stroke numbers at both speeds, the change was minimal, fluctuating between 0.01 - 

0.07. Similarly, correlation coefficients for ROM fluctuated by only 0.03 when the tests were run 

at 30 mm/s. However, for tests run at 5 mm/s, correlation coefficients for ROM fluctuated up to 

0.19. This increased fluctuation in the correlation coefficients can be attributed to the earlier 

strokes (strokes 1 - 5) having correlations that are statistically significant (p < 0.05), while the 

later strokes (strokes 6 - 16) were not statistically significant (p > 0.05). For ROM and juicy, 

correlation coefficients were similar between tests at 5 mm/s and 30 mm/s. However, for crisp 

and mealy, testing at 30 mm/s had correlation coefficients that were notably higher than those 

run at 5 mm/s. 
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Table 6.1 Spearman correlation coefficients between the average friction coefficient per stroke (5 

mm/s) and sensory texture attributes of 29 apple varieties 

Stroke Number ROM Juicy Crisp Mealy 

1 -0.43* 0.77*** 0.74*** -0.66*** 

2 -0.42* 0.79*** 0.75*** -0.67*** 

3 -0.40* 0.79*** 0.75*** -0.67*** 

4 -0.39* 0.79*** 0.74*** -0.67*** 

5 -0.38* 0.77*** 0.72*** -0.64*** 

6 -0.36 0.77*** 0.72*** -0.65*** 

7 -0.34 0.77*** 0.71*** -0.65*** 

8 -0.32 0.76*** 0.71*** -0.65*** 

9 -0.29 0.75*** 0.70*** -0.64*** 

10 -0.30 0.75*** 0.70*** -0.64*** 

11 -0.30 0.74*** 0.69*** -0.64*** 

12 -0.28 0.73*** 0.68*** -0.62*** 

13 -0.28 0.73*** 0.66*** -0.62*** 

14 -0.28 0.73*** 0.66*** -0.62*** 

15 -0.26 0.72*** 0.66*** -0.61*** 

16 -0.24 0.74*** 0.67*** -0.62*** 

Significant Spearman correlation coefficient at p < 0.05, p < 0.01, p < 0.001 is denoted with *, 

**, and ***, respectively. 
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Table 6.2 Spearman correlation coefficients between the average friction coefficient per stroke 

(30 mm/s) and sensory texture attributes of 29 apple varieties 

Stroke Number ROM Juicy Crisp Mealy 

1 -0.39* 0.75*** 0.77*** -0.70*** 

2 -0.39* 0.75*** 0.77*** -0.70*** 

3 -0.39* 0.78*** 0.79*** -0.72*** 

4 -0.40* 0.77*** 0.77*** -0.70*** 

5 -0.41* 0.78*** 0.79*** -0.71*** 

6 -0.41* 0.80*** 0.81*** -0.73*** 

7 -0.41* 0.80*** 0.81*** -0.72*** 

8 -0.41* 0.80*** 0.81*** -0.73*** 

9 -0.41* 0.80*** 0.81*** -0.74*** 

10 -0.42* 0.78*** 0.79*** -0.72*** 

11 -0.42* 0.78*** 0.78*** -0.71*** 

12 -0.41* 0.78*** 0.78*** -0.71*** 

13 -0.40* 0.78*** 0.78*** -0.71*** 

14 -0.39* 0.77*** 0.78*** -0.70*** 

15 -0.39* 0.77*** 0.78*** -0.71*** 

16 -0.39* 0.77*** 0.78*** -0.70*** 

Significant Spearman correlation coefficient at p < 0.05, p < 0.01, p < 0.001 is denoted with *, 

**, and ***, respectively. 

6.5 Discussion 

6.5.1 Correlations between friction coefficient and texture attributes 

Frictional force arises from the amount of resistance between the polypropylene balls and the 

contacting apple surface. There is higher friction if there is more resistance between the two 

interacting surfaces. This resistance to motion can be affected by numerous factors such as 

elasticity, dryness, and surface roughness, leading to higher friction coefficients. Tables 6.1 and 

6.2 show the Spearman correlation coefficients between texture attributes and friction 

coefficients among each stroke for tests run at 5 mm/s and 30 mm/s, respectively. These tables 

show similar trends as seen in the results with the linear reciprocating tribometer in Chapter 5. 
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Results from Tables 6.1. and 6.2. show significant positive correlations (p < 0.05) between 

friction coefficients and crisp and juicy perception, and a significant negative correlation (p < 

0.05) between friction coefficients and mealiness perception among all strokes. Similarly, Table 

6.2. showed a significant negative correlation (p < 0.05) between ROM perception and friction 

coefficient among all strokes for tests run at 30 mm/s. However, at 5 mm/s a significant negative 

correlation between ROM perception and friction coefficient was only observed for strokes 1 - 5 

and not strokes 6 - 16. These correlations can be attributed to the mode of cellular breakdown 

among the apples. Cell fracturing occurs in crisp and juicy apples, releasing their juices. It is 

speculated that the apple juice expressed from cell fracturing may dry on the surface of the apple 

flesh as well as the juices flowing into the crevices of the apples rather than forming a layer of 

lubrication on the surface. As discussed in Chapter 5, apple juice is high in sugars, and drying of 

the surface of juicy apples may contribute to a stickier surface thereby increasing the friction 

between the surface and the polypropylene balls. Furthermore, cell fracturing requires more force 

compared to other modes of cellular breakdown, such as cell-to-cell debonding that occurs in 

mealy apples (Harker et al., 2002). With more force being required to break down the cellular 

structure, this would increase the resistance between the polypropylene balls, thus increasing 

friction. This is the opposite in the case of apples that tend to have a high ROM and mealy 

perception, as they tend to be softer and their flesh tends to more easily break down, thus 

decreasing friction.  

6.5.2 Impact of speed on the friction coefficient 

One important aspect that was investigated int this experiment was the impact of speed on 

friction coefficient values. Figures 6.2 and 6.3 show that on average, friction coefficients from 

tests run at 5 mm/s were higher than those run at 30 mms/s. This difference may be attributed to 
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the different regimes that are induced by the different speeds. The slower speed (5 mm/s) may be 

associated with the mixed lubrication regime of a Stribeck curve. The mixed lubrication regime 

is observed where there is slight lubrication between the two contacting surfaces (Sarkar et al., 

2019). As speed increases (30 mm/s) the interaction between the polypropylene balls and the 

apple juice, there is less friction drag (i.e. lower friction coefficient), resulting in the 

hydrodynamic regime. The hydrodynamic regime occurs when a film of lubricant is present 

between the two contacting surfaces, thus keeping the surface apart and decreasing friction 

(Sarkar et al., 2019). These different regimes may explain the lower friction coefficients 

observed in tests run at 30 mm/s compared to 5 mm/s.  

6.6 Conclusion 

The present study investigated the use of a friction-rig to evaluate apple texture attributes 

through friction. Friction measurements from the friction rig produced statistically significant 

correlations (p < 0.05) with crisp, juicy, and mealy perception for tests run at 5 mm/s and 30 

mm/s at all strokes.  Furthermore, this study showed the impact that testing speed can have on 

the friction coefficient, as the tests run at 30 mm/s produced lower friction coefficient values. 

Although the tests run at 30 mm/s produced lower friction coefficient values, they had stronger 

correlations with texture attributes. Additionally, ROM produced statistically significant 

correlations (p < 0.05) with all strokes when the friction-rig was run at 30 mm/s, but was only 

significantly correlated for strokes 1- 5 when the friction-rig was run at 5 mm/s. These results 

show that adapting tribological parameters from Chapter 5 for the friction-rig was successful in 

predicting apple texture attributes. 
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7 Conclusion 

Overall, the findings presented throughout the current study will be used to help screen for 

apples with a better texture quality. The tools presented in this thesis can be used for screening 

apples in the early selection stages of apple breeding programs as well as further along the 

supply chain to monitor apple quality at pack houses or retail warehouses.  

7.1 Mealiness perception  

Consumers perceive mealiness as a negative feature of apple texture. However, mealiness can be 

challenging to evaluate as it is a multicomponent attribute. Furthermore, there has been 

inconsistency in the definition of mealiness in the literature, thus it is important to gain a better 

understanding of this complex attribute. 

This thesis provided a better understanding of mealiness by breaking it down to its underlying 

component attributes using temporal sensory techniques, time intensity (TI) and temporal 

dominance of sensation by modality (M-TDS). In mealy apples, when peak mealiness perception 

was observed in the TI curves, corresponding M-TDS curves showed a dominant soft and 

granular perception. Whereas in non-mealy apples, the low intensity of mealy perception 

observed in the TI curves overlapped with a dominant juicy and crisp perception in the 

associated M-TDS curves. Therefore, the underlying components of mealiness can be described 

as having a soft and granular texture, with the absence of crispness and juiciness. This confirms 

that mealiness is a complex attribute that cannot be described using a single descriptor. This 

finding confirmed the accuracy of the mealiness definition used in the lexicon for our trained 
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panel (soft, dry, and granular flesh) and provided guidance for seeking out instruments that may 

predict mealiness by measuring the physical properties of apples that produce these perceptions.  

7.1.1 Instrumental correlations  

The second objective of this study was to identify instrumental measurements that consistently 

correlate with apple texture attributes when examining a wide range of apple varieties. 

Instrumental methods to evaluate texture attributes are important as sensory evaluation is time 

consuming and may not always be economically feasible for apple breeders as large numbers of 

apples (200 – 500) need to be evaluated per season. The current study found multiple 

instrumental measures that consistently correlate with various texture attributes.   

Results from Chapter 4 showed that measurements from the 5-blade Kramer shear produced 

slightly stronger correlations with texture attributes (crisp, juicy, and mealy) in both Years 1 and 

2 compared to measurements from the penetrometer. The stronger correlations may be due to 

how the 5-blade Kramer shear more closely mimics the action of teeth during chewing when 

samples are being sheared rather than punctured, such as in the penetrometer. Additionally, 

another advantage the 5-blade Kramer shear provides was that it enabled the collection of juice 

expelled from apples during each test. The mass of the juice expressed was shown to have the 

strongest correlations with juicy perception in both Years 1 and 2 from among all the 

instrumental measures examined. This emphasizes the importance of mimicking the oral 

parameters in texture perception when selecting instruments to predict apple texture. Although 

the 5-blade Kramer shear force measurements and the amount of juice expelled produced 

significant correlations with mealiness perception, the correlations were weak (except juice 

expressed in Year 2). These poor correlations may be attributed to the 5-blade Kramer shear not 
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being able to take into account the granular aspect of mealiness. Thus, investigating instruments 

that can factor in granularity into the measurements is important.  

Results from Chapter 5 showed that friction measurements from the transient phase using a 

tribological instrument strongly correlated with all of the most important apple texture attributes 

for consumer acceptance including mealiness, crispness, and juiciness. This is likely because 

friction measurements are affected by factors such as hardness, lubrication, and roughness, 

which are all underlying components of mealiness (as outlined in Chapter 3) and related to 

crispness and juiciness. To the best of our knowledge, this study was the first to use tribology to 

examine textural attributes in hard foods.  However, the use of a tribometer or rheo-tribometer 

attachment may not always be accessible to apple breeders due to their high cost. Thus, Chapter 

6 investigated the use of a friction rig attachment for the texture analyzer to produce friction 

measurements. A friction rig is advantageous as it is an attachment that can be utilized on a 

texture analyzer, an instrument that is already widely used in the horticulture industry. Thus, 

using this attachment would be much cheaper and more accessible than a tribometer. Results 

from this study showed that the friction rig was successful in replicating results obtained from 

the tribometer, as the friction rig produced significant correlations between friction 

measurements and texture attributes (crisp, juicy, and mealy).  

Although the friction measurements from the friction rig and the juice expressed from the 5-

blade Kramer shear produced comparable correlations with texture attributes (crisp, juicy, and 

mealy) in Year 2, the friction rig is advantageous over the 5-blade Kramer shear as the protocol 

for set up and clean up between samples is simpler and faster, allowing for a higher throughput 

(see Section 4.6. for details). Furthermore, although only one year of data was available for the 

friction rig data, the two years of data on measurements for juice expressed from the 5-blade 
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Kramer shear analysis showed that while correlations between juice expressed and juiciness were 

consistently high, the correlations with crisp and mealy were less consistent across the two years. 

Year 1 data indicated only moderate correlations between the juice expressed and crispiness and 

mealiness, suggesting the technique may not always yield accurate predictions for these 

attributes. Overall, the friction rig is recommended to the horticulture industry as a more 

effective means to monitor apple texture compared with the traditionally-used penetrometer. 

However, future research is necessary to ensure that the friction rig correlations remain high 

across multiple apple seasons. Furthermore, additional analyses need to be conducted to 

determine the target ranges for friction measurements in order to screen for apple varieties with 

desirable textures.  

In conclusion, various instruments were found to consistently correlate with apple texture 

attributes (crisp, juicy, and mealy), with the friction rig being the most effective instrument due 

to its availability to the horticulture industry, speed of data collection and strong correlation with 

all of the most important texture attributes for consumer liking (crispiness, juiciness, and 

mealiness).  
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Appendices 

Appendix A: Figures 

 

Figure A.0.1 TI and M-TDS graphical representation of Pink Lady 
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Figure A.2 TI and M-TDS graphical representation of Red Delicious 



116 

 

 

Figure A.3 Absolute value of Spearman correlation coefficients between friction and texture 

attributes in the rotational tribology system 

 

Figure A.4 Absolute value of Spearman correlation coefficients between friction and texture 

attributes in the linear reciprocating tribology system  
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Appendix B: Tables 

Table B.1 Definitions of attributes used by the trained panel and their references 

Attribute Definition Anchors/References 

Oxidized Apple Perception of oxidized apple 

reference 

“Red Delicious” apple diced, 

exposed to room temperature air for 

30 mins 

Earthy Perception of reference and/or 

musty 

45µL/#11 standard (Le Nez Du 

Vin)* 

Hay Perception of reference 0.45ml/L #38 standard (Le Nez Du 

Vin)* 

Honey Perception of reference 50g/L honey (BillyBee Pure 

Natural)* 

Floral Perception of reference 12.35mL/L rose water (Cortas) 

Lemony Perception of reference 0.45mL/L Lemon Extract 

(Clubhouse) 

Grassy/Vegetal Perception of reference Cat grass, chopped, soaked in 

0.018µL/L #30 standard (Le Nez 

Du Vin)  

Overall Aromatic Intensity Perception of reference Apple sauce opened prior to 

evaluation 

Sweet Perception of reference 15g/L Redpath sugar* 

Acid Perception of reference 2.5g/L DL-malic acid (Sigma-

Aldrich)* 

Bitter Perception of reference 0.25g/L caffeine (Fisher 

Scientific)* 

Astringent Perception of reference 2.25g/L aluminum sulphate 

(Caledon Laboratories)* 

Skin Thickness Amount of force required to bite 

through skin 

Weak: ripe pear wedge 

Intense: “Granny Smith” apple 

wedge 

Crisp Breaks apart in a single step. Force 

of fracture when biting 

Weak: banana cross-section slice 

Intense: carrot stick 

Juicy Amount of liquid released when 

chewing 

Weak: banana cross-section slice 

Intense: watermelon cube 

Chewy Time and number of chewing 

movements needed to render 

sample prior to swallowing 

Weak: ripe pear wedge 

Intense: unripe pear wedge 

Mealy Soft, dry, and granular flesh. Cells 

that separate and retain juice as 

opposed to releasing juices 

Weak: watermelon cube 

Intense: unripe pear wedge 

 

Rate of Melt (ROM) Amount of product melted after a 

certain number of chews 

Weak: celery stick 

Intense: Watermelon cube 

*In applesauce (Mott’s Fruitsations Unsweetened Applesauce) 
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Table B.2 Penetration depth of ten apple varieties for the rotational motion after five minutes 

under 1.0 N of normal force; different letters in a column indicate significant differences at 

p<0.05. 

Apple Variety 

Penetration Depth (mm) 

(F= 21.6, p < 0.001)  

Cortland 1.46a  

Spartan 1.46a  

Golden Delicious 1.33ab  

Empire 1.25ab  

Red Delicious 1.24abc  

Blondee 1.17bc  

McIntosh 1.00c  

Gala 0.92c  

Ambrosia 0.90c  

Honeycrisp 0.84c  

 

Table B.3 Penetration depth of ten apple varieties for the linear reciprocating motion after five 

minutes under 1.0 N of normal force; different letters in a column indicate significant differences 

at p < 0.05. 

Apple Variety 

Penetration Depth (mm) 

(F= 10.8, p < 0.001) 

Cortland 1.37a 

Empire 0.97ab 

Spartan 0.95ab 

Blondee 0.77b 

Golden Delicious 0.58bc 

Honeycrisp 0.56bc 

McIntosh 0.53bc 

Red Delicious 0.53bc 

Gala 0.36bc 

Ambrosia 0.34c 
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Table B.4 Spearman correlation matrix of texture attributes.  

 

Variables Crisp Juicy Chewy Mealy Rate of melt 

Crisp 1*** 0.927*** 0.818** -0.952*** -0.915*** 

Juicy 0.927*** 1*** 0.636 -0.952*** -0.867** 

Chewy 0.818** 0.636 1*** -0.745* -0.830** 

Mealy -0.952*** -0.952*** -0.745* 1*** 0.915*** 

Rate of melt -0.915*** -0.867** -0.830** 0.915*** 1*** 

Significant Spearman correlation coefficient at p<0.05, p<0.01, p<0.001 is denoted with *, **, and ***, respectively. 

 

 

 


