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ABSTRACT
Predicting the removal of residual layers or soiling deposits from process equipment surfaces requires knowledge of the rheology of the layer material. Removing a sample for analysis in a rheometer is likely to disrupt its structure, thereby changing its rheological behaviour. The millimanipulation device presented by Magens et al. (2017, J. Food Eng, 197, 48–59) was employed here as an in situ rheometer to estimate the critical (yield) stress of layers of viscoplastic food and fast-moving consumer goods (FMCG) products on steel plates using the protocol reported by Tsai et al. (2020, J. Food Eng, 285, 48-59). Measures of the critical stress of 15 materials, including spreads, cosmetics and ointments, were obtained on a rotational rheometer using increasing shear stress ramp, shear stress step, and oscillatory shear stress amplitude sweep testing. Reasonably good agreement () was obtained between these values (ranging from 70 to 2000 Pa) and those obtained with the millimanipulation device, indicating that the latter could be used to study soil layers in situ. Better agreement was obtained for materials with a high yield stress, where the shape of the accumulated berm was more easily identified. The use of the millimanipulation device to quantify spreadability is compared with the strain-energy-at-yield metric obtained from rotational rheometry.
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INTRODUCTION
Many products in the food and fast-moving consumer goods (FMCG) sectors, such as food spreads and cosmetic products, exhibit viscoplastic behaviour. These are often processed on multi-product lines so effective cleaning is required to remove any residues and avoid cross-contamination between batches. In the absence of slip, strongly adherent layers of viscoplastic soil present significant challenges for industrial cleaning-in-place operations. Process models for cleaning such materials existing, such as those for flushing pipes (e.g. Alba and Frigaard, 2016) and removal of soil layers on walls by impinging jets (e.g. Glover et al., 2016). These models all require knowledge of the critical stress (often called the yield stress) for computation. 
Several techniques are available to measure the critical stress of viscoplastic fluids. These include stress-controlled rotational rheometry, where the shear stress is increased in a controlled manner such as in stress ramps (Chang et al., 1998), stress steps (Tarcha et al., 2015), creep experiments (Coussot et al., 2002) or oscillatory amplitude sweeps (Dinkgreve et al., 2016). Strain-controlled rheometry is also used for estimating the critical stress in shear start-up (constant shear rate) experiments (Barnes and Nguyen, 2001), in the extrapolation of steady-state flow curves to the limit of vanishing shear rates (Nguyen and Boger, 1992) and in the measurement of residual stresses after flow cessation (Nguyen and Boger, 1983). The latter is often regarded as a shear-history dependent quantity, as it accounts for the anisotropy imparted to the material by flow (Bonn et al., 2017). Non-viscometrical flow conditions can also be used to estimate the yield stress, such as in squeeze-flow (Mascia and Wilson, 2008; Rabideau et al., 2009) and penetrometry testing (Boujlel and Coussot, 2012). Yielding is rarely a single-point transition from an elastic to a viscous state, but is rather a gradual transition that takes place over a range of shear stresses and shear strains (Donley et al., 2019). Different techniques therefore provide different estimates of the yield stress: comparisons between different techniques in rotational rheometers have been presented (Dinkgreve et al., 2016; Fernandes et al., 2017; Nguyen and Boger, 1992; Stokes and Telford, 2004).
With residual layers there is a strong need to determine their rheology in situ as they are often generated from the original product by the conditions local to the surface. These layers often feature a fragile microstructure, such that the act of removing a sample for investigation using standard rheometric techniques will disrupt the structure and result in an imprecise estimation of the yield stress. Examples include thixotropic colloidal dispersions, which display time-dependent rheological properties (Barnes, 1997; Mewis and Wagner, 2009), and the waxy suspensions employed in the manufacture of cosmetic creams (Park and Song, 2010) and encountered in the transport and processing of food fats (Fitzgerald et al., 2001). 
Methods for studying such layers in situ have been developed, as discussed by Magens et al. (2017). They presented a millimanipulation device for studying the adhesion of fouling deposits and food soils to a surface. A vertical blade is moved horizontally across a soil layer on a flat substrate at set depth and velocity, and the force resisting the blade’s motion is measured. This apparatus was originally developed to evaluate the adhesive strength of food soils (Ali et al., 2015; Cuckston et al., 2019). A similar device has been used recently to characterise the cleaning behaviour of complex food soils (Herrera-Márquez et al., 2020), while the micromanipulation device described by Liu et al. (2006a, 2006b, 2006c) has been used for similar purposes at a smaller length scale. These devices provide quantitative metrics for comparing layer behaviour, but do not allow property parameters to be identified for use in simulations or other applications.
Tsai et al. (2020) recently presented computational fluid dynamics (CFD) simulations of the deformation of two viscoplastic materials in the millimanipulation device which allowed the influence of the layer rheology to be studied. Operating the device in an interrupted motion mode, wherein the blade stopped moving for a period of time before restarting, allowed the yield stress of the soft solid layers to be estimated using a simple model derived from metal cutting theory. They found that their estimated yield stresses for the materials agreed reasonably well with measurements obtained using a rotational shear rheometer. 
This work extends their approach to a range of viscoplastic food and FMCG-related products to determine its scope for in-situ rheometry, to estimate the yield stress. The yield stress estimates are compared to the values obtained with a rotational rheometer, using three of the testing modes often used for this purpose (shear stress steps, shear stress ramp and oscillatory shear stress amplitude sweep). Table 1 presents some of the materials tested in this work, alongside other viscoplastic materials with industrial interest: typical critical stresses in the FMCG sector range from  to  Pa. The range of values obtained for the materials tested ranged from 70 to 2000 Pa, and the analysis presented by Tsai et al. is extended to consider the effect of scraping velocity. 
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Table 1 – Examples of viscoplastic materials in the food and consumer goods sectors.

	Material
	Source
	Measurement
Method*
	Critical stress reported
[Pa]
	Critical stress measured in this work [Pa]

	Fruit pulps
	Stafussa et al. (2019)
	SFC
	0.5 - 20
	-

	Body lotion
	Kwak et al. (2015)
	SFC
	2
	-

	Tomato ketchup
	Tabilo-Munizaga and Barbosa-Cánovas (2005)
	Creep
	20
	-

	Toothpaste
	Ahuja and Potanin(2018)
	SR, OAS
	3 - 250
	200 - 321

	Potato puree
	Rao et al. (1975)
	SFC
	20 - 110
	-

	Mayonnaise
	Ma and Barbosa-Cánovas (1995)
	SFC
	20 - 200
	71 - 101

	Peanut butter
	Citerne et al (2001),
Daubert et al. (1998)
	SFC, creep, CSS
	20 - 1,900
	410 - 1260

	Hair gel
	Fernandes et al. (2017;
Souza Mendes et al. (2014)
	OAS, creep, SFC
	60 - 110
	-

	Hand cream
	Kwak et al. (2015); 
Stokes and Telford (2004)
	SFC, creep, ISS
	100 - 180
	850 - 1003

	Yoghurt
	Daubert et al. (1998)
	CSR
	100 - 300
	-

	Petroleum jelly
	Duarte et al. (2014)
	SS
	100 - 300
	135 - 570

	Cream cheese
	Breidinger and Steffe (2001)
	CSR
	400 - 5,000
	245 - 432

	Lard
	Aguilar-Zárate et al. (2019)
	OAS
	2,000
	1256 - 2044

	Butter
	Daubert et al. (1998)
	CSR
	1,000 - 1200
	796 - 1373

	Margarine
	Daubert et al. (1998)
	CSR
	1,200 - 1,400
	431 - 480


*CSR – constant shear rate; CSS – Constant shear stress; ISS – increasing stress steps; OAS - oscillatory stress amplitude sweeps; SFC – steady flow curves; SR – stress ramps; SS - Stress steps


MATERIALS AND METHODS
Materials
Table 2 lists the fifteen viscoplastic materials studied. These were all readily available FMCG products and covered a wide range of critical stress values (see Figure 2). PJA, PJS, and PJT are petroleum jellies that were used in previous studies of the removal of viscoplastic soil layers using impinging water jets (Fernandes et al., 2019; Fernandes and Wilson, 2020; Glover et al., 2016) while white soft paraffin (WSP) was studied by Tsai et al. (2020).The Appearance is a qualitative description of the material  texture at 20 C: these were either gel-like, sticky, or pasty. Gel-like materials are noticeably elastic when at rest. Sticky materials are very adherent to surfaces, and pasty materials hold their shape well when deformed.  
[bookmark: _Ref50996700]Table 2 – FMCG Materials evaluated in this study
	Material
	Acronym
	Commercial name
	Source
	Appearance at 20 °C

	White soft paraffin
	WSP
	-
	GlaxoSmithKline
	Pasty

	Petroleum jelly A
	PJA
	GPS5220
	Atom Scientific
	Pasty

	Petroleum jelly S
	PJS
	Merkur 500
	Sasol
	Pasty

	Petroleum jelly T
	PJT
	Gold label white petroleum jelly
	Trilanco
	Pasty

	Hand cream
	-
	Nivea Creme
	Nivea
	Pasty

	Hair wax
	-
	V05 styling wax
	Unilever
	Pasty

	Toothpaste
	-
	Colgate cavity protection
	Colgate-Palmolive
	Sticky

	Peanut butter
	-
	Sainsbury's smooth peanut butter 
	Supermarket own-brand
	Sticky

	Butter
	-
	Unsalted British butter 
	Supermarket own-brand
	Pasty

	Lard
	-
	Sainsbury's basics lard
	Supermarket own-brand
	Pasty

	Margarine
	-
	I can't believe it's not butter!
	Upfield
	Pasty

	Cheese spread
	-
	Seriously spreadable
	Lactalis McLelland Ltd.
	Pasty

	Cream cheese
	-
	Philadelphia original
	Mondelez International Inc.
	Pasty

	Mayonnaise
	-
	Hellmann’s real mayonnaise
	Unilever
	Gel-like

	Biscoff
	-
	Lotus Biscoff
	Lotus Bakeries
	Pasty



Food materials that required storage at low temperatures (butter, lard, margarine, cheese spread, cream cheese and mayonnaise) were stored in a domestic fridge at 5 ºC and kept at room temperature for at least 12 h before experiments were performed. Rheological and millimanipulation tests were conducted on the same day with these materials to avoid spoilage. All other materials were stored and tested at lab temperature, approximately 20 C. 

Rheology 
The rheological behaviour of the materials was evaluated at 20 C using a stress-controlled rheometer (Kinexus Lab+, Malvern Instruments, UK). 40 mm diameter rough parallel plates were used to reduce wall slip effects. The gap, , was set at 1 mm. Three testing modes were employed: the first was a series of shear stress steps, each lasting 30 s, to evaluate the steady response of the material to an imposed shear stress, and the corresponding shear rate is taken as the average over the last 3s in each step. The second was an increasing shear stress ramp, with a rate of increase 50 Pa∙min-1, while the third was an oscillatory shear stress amplitude sweep, in which a sinusoidal shear stress was imposed at a frequency of 1 Hz with increasing shear stress amplitude.

Millimanipulation device
A full description of the device and experimental protocols is given in Tsai et al. (2020): a summary is provided as Supplementary Information Section S.1. Samples were coated on steel plates (dimensions 25×100×0.65 mm) using the scraping device described by Cuckston et al. (2019). The thickness of the samples was set at 5 mm. These are representative of thick soil layers found at the base of processing tanks in industrial applications (Tuck et al., 2020). The edges of the samples were scraped using a flat edge metallic spatula to ensure straight sides. 
In a test the sample is moved horizontally by a linear slide and a static blade (dimensions 25×20×1.5 mm) skims off the top of the layer to a depth s (illustrated in Figure 4). A force transducer (±2 N resolution) measures the resultant force on the blade at a frequency of 151 Hz. The force per unit width of the blade, , is reported. Experiments were visualised from the side using a digital camera.

RESULTS AND DISCUSSION
Rheological characterization of the soil layer materials
Figure 1 shows an example of the rheological results obtained for the white soft paraffin (WSP). Results for the other materials are presented in Supplementary Information Section S.2. Figure 1 (a) shows the apparent viscosity  as a function of the imposed shear stress  for the stress ramps and stress steps. The sharp decrease of the viscosity evident around 400 Pa for the stress steps and ramp in Figure 1(a) indicates structural breakdown within the sample and consequent yielding. The estimates of the critical stress,  and , obtained from these tests are indicated by vertical lines. The increase in viscosity for  was also reported by Tsai et al. (2020), and results from the material not being in steady-state during the test. This behaviour was discussed by Møller et al. (2009), who reported that the apparent viscosity in the pre-yielding regime in stress steps experiments increases with the duration of the stress steps. Nevertheless, the sharp decrease in the apparent viscosity happens at roughly the same shear stress, indicating that stress ramp testing gives a reasonable estimate of the yield stress (Andrade and Coussot, 2020; Chang et al., 1998). 
The oscillatory amplitude sweeps provide additional information about the yielding transition of viscoplastic materials. This was discussed, amongst others, by Donley et al. (2019), who evaluated oscillatory flows of a Carbopol® dispersion and reported that yielding takes place along a range of shear stresses and strains. Figure 1(b) shows that the storage and loss moduli,  and , are constant at low shear stresses, indicating that the material is in the linear viscoelastic regime. As the shear stress amplitude increases, a decrease in  and  is observed such that they cross each other at the crossover stress, , indicated by the vertical dashed line in Figure 1(b). The yielding transition starts at the end of the linear viscoelastic regime, when  and  start to decrease, so this is a gradual, non-linear process that takes place along a range of shear stresses and strains (Donley et al., 2019). Different estimates for the yield stress have been defined from oscillatory data: (i) the intersection of power-law fits to   at low and high stresses (Mason et al., 1996); (ii) the point where ,  (Rouyer et al., 2005); and (iii) the departure from linear elastic behaviour in  vs  plots (Mason et al., 1996). As discussed by Dinkgreve et al. (2016), the crossover stress provides an unambiguous estimate for the yield stress from oscillatory data and is used here.
Figure 1 (c) shows the shear strain as a function of the imposed shear stress for the shear stress ramp. Yielding is evident by the sharp increase of the strain at , with corresponding strain . Also shown is the measured second normal stress difference, , obtained from (Macosko, 1994):
	
	
	(1)


Here,  is the radius of the parallel plates,  is the measured normal force and  is the shear rate at the border of the plate, calculated using:
	
	
	(2)


where  is the rotational speed. The  signal, and hence the numerical derivative in Eq. (1), is noisy. This was countered by fitting a high-order polynomial to the signal before differentiating. The use of linear scale in the stress axis in Figure 1 (c) highlights how  deviates from an increasing trend in the vicinity of . This perturbation indicates changes in the microstructure and transmission of stress. Similar behaviour has been reported recently by de Cagny et al. (2019) and Thompson et al. (2018). A similar decrease in  in the vicinity of  was observed with many of the materials tested (see Supplementary Information Section S.2).


[bookmark: _Ref55204717]Figure 1 - Rheological characterisation of the white soft paraffin. (a) Apparent viscosity as a function of the imposed shear stress for stress steps and stress ramp.  and  were identified as the stress at the sharp drop in . (b)  and  as a function of the stress amplitude, oscillatory shear stress sweeps.  identified as the stress at the crossover between  and . (c) Shear strain (left y-axis) and  (right y-axis) as a function of the shear stress imposed in the stress ramp. Note linear scale for . Solid  locus shows the value obtained by differentiating a 10th order polynomial fitted to the raw data. 

[bookmark: _Hlk62228966][bookmark: _Hlk62229073]Consistent estimates of the yield stress are often not obtained when different methods are used (Stokes and Telford, 2004), particularly for materials with complex microstructures such as waxy deposits (Tarcha et al., 2015). Figure 2 compares the values of the critical stress for the materials evaluated in the current work measured from (a) stress ramps, , and from (b) oscillatory sweeps, , with the values obtained from the shear stress step tests, . The  and values are similar, agreeing within 15%. The crossover values, on the other hand, agree within , with  for most cases. Dinkgreve et al. (2016) compared the critical stresses obtained with different techniques for concentrated emulsions, Carbopol® dispersions and foams, and also found that  was larger than other estimates of the yield stress.   should therefore be viewed as the upper bound of the yielding region and is expected to be larger than other estimates for . It should also be noted that the estimate of the yield stress for each experiment is affected by the intrinsic time scale of each test, namely the rate of increase of the stress in the stress ramps (Chang et al., 1998), the step duration for stress steps (Coussot et al., 2002) and the frequency in oscillatory sweeps (Perge et al., 2014). 
The  value for the peanut butter is smaller than  and . Similar behaviour was reported for smooth and coarse peanut butters by Citerne et al. (2001), who attributed this to either (i) shear thickening effects or (ii) changes in the maximum packing fraction of dispersed solids under oscillatory flow. 

[bookmark: _Ref55204787]Figure 2 – Comparison of measurements of critical stress obtained from rheometer testing: (a)  vs.  ; (b)  vs. . 

Scraping experiments
Experiments consisted of a scraping step, in which the sample moved 10 mm, followed by a 120 s relaxation step where the sample was stationary. The duration of the scraping step was adjusted according to the scraping velocity. Figure 3(a) shows results from two scrape-relaxation sequences for the WSP. The signal is noisy, arising from mechanical (motion, pivot friction), transducer and sample inhomogeneity contributions, but shows an approximately steady Fw during the scraping step followed by a rapid decay to a finite residual value in the relaxation step. A slight increase in force is observed at the second scraping step when compared to the first one, which is attributed to drag effects due to the growth of the berm ahead of the blade. Figure 3(b) shows a closer view of the first scrape-relaxation sequence, highlighting three characteristic force levels discussed by Tsai et al. (2020). At the end of the scraping stage, a maximum force  is evident, which decreases rapidly to .  During the relaxation step,  decayed to a residual value . This residual force is related to the yielding behaviour of the sample, as it reflects the anisotropy embedded into the material by the previous flow (Bonn et al., 2017).

Figure 3 –  as a function of time for the white soft paraffin: 1 mm/s and 0.69 mm. (a) Two consecutive scrape-relaxation steps performed with the same sample; (b) closer view of the first scrape-relaxation step, indicating the forces ,  and . Red lines indicate the signal smoothed using a moving-average filter.

Figure 4(a) presents a schematic of the operation: the blade moves at velocity  and scraping depth , leaving a layer of depth  behind. The material ahead of the blade accumulates in a berm of height  and length . Tsai et al. (2020) performed particle tracking experiments and CFD simulations of these flows, and showed that the region where significant deformations take place was limited to the scraped depth ahead of the blade. 
This morphology suggests the existence of a shear plane inclined at angle , defined from the tip of the blade to the leading edge of the berm. The boundary of the sheared region is unlikely to be straight so this is an approximation, which will limit the accuracy of the approach. Similar approximations are made in metal cutting theory for soft materials (Shaw, 2005). A force balance over plane  gives an estimate of the shear stress acting along the shear plane, viz.
	
	
	(3)


The length of the berm  and cutting angle  were evaluated from images, where . A different approach is required for brittle materials: Akono et al. (2011) investigated the scratching of brittle materials, including cold paraffin wax, using a similar device. There, deformation involved a fracture-dominated process with highly localised plastic deformation at the blade and chip generation rather than the berm formation observed with the ductile materials considered here. 
Figure 4(b) shows an image from the experiment reported in Figure 3, in which the geometric features are highlighted. Figure 4 (c) shows the evolution of ,  and  for the same experiment. The berm height increases linearly while  is roughly constant, indicating that the cutting angle does not change significantly throughout the test.
Three estimates for the yield stress can be computed:
	
	
	(4)

	  
	
	(5)

	
	
	(6)


where  and  are the residual forces identified in Figure 3.


Figure 4 – (a) Schematic of the millimanipulation device scraping a viscoplastic soil layer. The cutting angle  is formed from the tip of the blade to the end of the displaced berm. (b) Photograph of the berm of the experiment reported in Figure 3 at  s. (c) ,  (left y-axis) and   (right y-axis) as a function of scraping time.
 
[bookmark: _Hlk62229141] includes contributions from the viscous behaviour of the material, since  is measured when the material is deforming:  is therefore expected to be larger than the estimates of yield stress obtained with the rheometer. , on the other hand, does not include contributions from the flowing regime and is expected to be closer to the estimates of the yield stress. This is illustrated for the WSP in Figure 5, which shows  plotted against the characteristic shear rate for the scraping blade,  (Maillard et al., 2016), alongside the flow curves obtained on the rheometer reported in Figure 1 (a).  is indicated by the grey band as it is  measured with the material at rest: it lies close to the flow curves in the region associated with yielding.

Figure 5 – Shear stress as a function  of the shear rate for the white soft paraffin.  and  were calculated using Eq. (4) and (6), respectively.
Effect of scraping velocity
The residual stress after flow cessation in rotational rheometers has historically been used to  estimate the yield stress (Nguyen and Boger, 1983, 1992; Tiu and Boger, 1974). Later studies investigated the relationship between the residual stress obtained after imposing different shear stresses (Mohan et al., 2013) and shear rates (Ballauff et al., 2013) and observed that the values obtained depended on the shear rate imposed on the sample. Most of the scraping experiments reported in this work were performed at scraping speeds of 1 mm∙s-1. Tests were also performed at 0.1 and 0.5 mm∙s-1 for WSP to determine the influence of shear rate history.
[bookmark: _Hlk62229185]Figure 6 (a), (b) and (c) shows examples of residual force decay profiles obtained for the different scraping speeds, along with the values of ,  and  identified in each case. The noise is reduced at slower scraping velocities as the mechanical fluctuations in the system are less intense. The results are summarised in Figure 6 (d) alongside the estimates of the yield stress obtained from the rheometer as a function of . The values of  are close to the rheometer measures, and this parameter is insensitive to the scraping velocity, indicating that viscous contributions are not significant. Therefore,  provides useful in situ estimates of the yield stress for this soft solid.
[image: ]
Figure 6 –  as a function of time for three experiments conducted with different speeds and with the white soft paraffin: (a) =1 mm/s, 1.43 mm (b)  0.5 mm/s, =1.46 mm and (c)  mm/s, 1.42 mm. (d) ,  and  estimates as a function of , where the experiment reported in Figure 3 is also included. Horizontal lines indicate the values of ,  and  measured in the rheometer. Error bars in (d) based on the local amplitude of the raw (wide cap) and filtered (narrow cap)  signal.

Insights can be obtained from estimates of the Bingham number for the flow in the millimanipulation device. Since  includes contributions from both the yielding and flowing regimes, and  is primarily associated with the yielding behaviour, the Bingham number (Bn, the ratio between the yield stress and the viscous stresses) can be approximated as:
	
	
	(7)



Figure 7 (a) shows the estimates of the yield stress as a function of Bn for the experiments with WSP reported in Figure 6, for which . In general, experiments with larger values of  correspond to lower scraping velocities.   and   exhibit a decreasing trend, suggesting that the contribution from the viscous stresses to the total stress in the shear plane becomes unimportant when the blade scrapes the material slowly. Figure 7 (b) plots the values of the estimates of the yield stress as a function of  for the experiments conducted with the hand cream with  ranging from 0.1 to 1 mms-1. It shows that at large , ,  and  collapse to a common value, which is a good estimate of the yield stress. A similar trend was seen with the hair wax (Section S.3, Supplementary Information). In practice, this region is only attainable with materials with larger yield stresses. For materials with low yield stress the accuracy of the estimate is influenced by signal to noise ratio. 
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Figure 7 – ,  and  estimates as a function of  for (a) the WSP and (b) the hand cream. Data in (b) follow the same legend as in (a). Error bars based on the local amplitude of the filtered  signal.
 
Comparison with rheometric data – different materials
[bookmark: _Hlk62043403][bookmark: _Hlk62229260]The two estimates of the yield stress obtained with the millimanipulation device,  and , are compared with the three measures obtained with the rheometer in Figure 8. The horizontal axes report the values of (a) , (b)  and (c) , and the vertical axes show  (i)  and (ii) . The values of  include significant contribution from the viscous stresses (see Figure 7) and so are not included as they consistently overestimate the yield stress (see supplementary information, Section S.4). The dotted loci indicate the line of equality, with range bands at  variation. Some values correspond to the first scraping step, with the blade initially touching the border of a fresh layer: these are indicated by filled symbols. Measurements conducted in subsequent scraping steps are reported with open symbols.  Figure 8 (i) shows that  overpredicts all three rheometer measures, while Figure 8 (ii) indicates that  again provides more accurate estimates. 
[bookmark: _Hlk62229290]Figure 8 (c,ii) shows close agreement between  and the crossover stress, . The latter is a measure of the upper limit of the yielding region and this is consistent with the device probing the characteristics of the material when it has already yielded. 
[bookmark: _Hlk62229319]The uncertainty in the rheometer values is small as this was a commercial, optimised device. The uncertainty in the millimanipulation device values arises from mechanical, sensor and sample effects as well as the degree of approximation in  introduced by assuming a simple wedge shape. The technique is, however, free from any systematic error associated with moving the sample from the surface and preparing it for test in a rheometer.

[image: ]
Figure 8 – Comparison of the estimates of the yield stress obtained from millimanipulation with the rheometer values. (i)  and (ii)  as a function of (a) , (b)  and (c) . Filled symbols denote values obtained from first contact of the blade with the sample, open symbols indicate values obtained from subsequent scraping steps.  indicates the number of estimates.
Critique
Identifying ,  and  was more straightforward for materials with a high yield stress, such as lard, butter and the hand cream, because the signal-to-noise ratio was larger (these materials offered more resistance to the movement of the blade). Materials such as the Colgate toothpaste and the mayonnaise exhibited a smaller drop in apparent viscosity at the yield stress (see Supplementary Information).  The deformation of these materials was more complex, with shapes which made it harder to identify . They also showed a less sudden change in behaviour in the normal stress differences at the yield point (see supplementary information, Section S.2), which suggests that yielding in these materials is more gradual. The technique is therefore more reliable for materials with higher yield stresses. 
[bookmark: _Hlk62229492]One of the drawbacks of the current configuration is that it requires layers of consistent thickness on flat substrates. It would require some effort to be adapted on fouling deposits such as those encountered on heat exchanger surfaces as the latter are frequently curved, the layers thin (or order 1 mm or less) and coverage uneven.
The current device is well suited for laboratory studies where layers are generated on test coupons in regular flow geometries, or where coupons are attached to equipment walls for inspection afterwards. It also has potential as a quality control device, as the sample preparation is straightforward.

3.4 Spreadability
The millimanipulation device, being an instrumented scraping system, could also be used to quantify the ‘spreadability’ of soft solid products. The force required to distribute a layer across  a surface by a blade could be estimated using simulations such as those reported by Tsai et al. (2020) when the rheological behaviour of the material, including rate effects, is known. This can be time consuming. One measure that could be used to rank the ease of spreading is the energy required to yield the material, which can be calculated from the rheometrical data. Assuming that the material yields when the shear strain reaches a critical value , which is approximated by  and  in the stress steps and stress ramp experiments, the energy per unit volume dissipated during yielding, Y, is given by (Liu et al., 2018):  
	
	
	(8)


with units of J∙m-3 or Pa: the former is used here.
Assuming linear elasticity below the critical stress gives an estimate of the elastic energy required to yield the material in stress ramp or stress step testing:
	
	
	(9)


This result indicates that materials with similar Y will be related by  at yield. Figure 9 shows the values of the critical stresses ( and ) plotted against the respective critical strains ( and ) for the shear stress ramp and steps tests. This plot is equivalent to the texture map presented by Daubert et al. (1998). They discussed spreadability and proposed that materials with lower critical stresses and strains were more readily spread with a blade. The Y values ranged from 6 J∙m-3 (PJA) and 15 J∙m-3 (mayonnaise) to 510 J∙m-3 and 2,580 J∙m-3 for  toothpaste and cheese spread, respectively.  
We found that Y was not a reliable indicator of spreadability as some of the materials which were visibly easy to spread, such as toothpaste, dissipated more energy during yield than others that were noticeably harder to spread, such as lard and butter: the toothpaste deformed considerably before the yield point. In general, materials with larger yield stresses, such as lard, butter and the cheese spread, were more difficult to spread, independent of the yield strain. 
In the millimanipulation tests, the work required to move a known volume of material can be quantified. The done by the blade per unit volume of dislodged material, , is given by . This includes a contribution from the work done in translating the yielded material. The values computed ranged from 570 J m-3 (PJT) to 14,400 J m-3 (lard) and are plotted against the  values obtained from the stress ramp and step tests in Figure 10. A similar distribution was obtained when the stress ramp  values were used. The cheese spread and toothpaste lie near the  locus, indicating that the contribution from translation work is small: once the material yields, it spreads readily. The remaining materials require more work to spread, following a general trend of . The lard required noticeably more work.



Figure 9 – Critical stresses ( and ) as a function of the respective critical strains ( and ) for shear stress steps and ramps. Diagonal lines with negative unit gradient indicate loci of constant . Filled and hollow symbols denote results for stress steps and ramps, respectively. Labels S and G indicate sticky and gel-like materials, respectively.

These results indicate that the work required to deform these soft solid layers during a spreading operation cannot be estimated reliably using the parameter  obtained from a standard rheometrical test. The in situ measurement  includes contributions from a number of rheometrical parameters and represents a metric which can be used to compare and rank different materials.
[bookmark: _Hlk64637397]A further aspect of these tests, which is not considered here, is the timescale over which the force in the deformed layer decays when the blade stops moving. This will be related to dissipation of energy in the region ahead of the blade and to the microstructure of the material, and may provide insight into their haptic properties.
[bookmark: _GoBack][image: Chart, scatter chart
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Figure 10 - Work done by unit volume of dislodged material () for the millimanipulation experiments reported in Figure 8 as a function of the energy required to yield the materials () in the rheometric experiments reported in Figure 2 (a).  Filled and hollow symbols denote results for stress steps and ramps, respectively. Experimental conditions reported are presented in Table S.1 in the supplementary information.

CONCLUSIONS
The millimanipulation device presented by Magens et al. (2017) was used to estimate the yield stress of layers of viscoplastic layers on flat surfaces, using a range of soft solid food and consumer goods. This extended the findings of by Tsai et al. (2020), who had demonstrated that interrupted mode testing could give good working estimates of the yield stress for two paraffin waxes. The estimates of the yield stress for 15 materials showed reasonably good agreement with rheometrical tests. While the millimanipulation method has limited accuracy compared with conventional testing, it does provide a working estimate of this quantity which could be used for quick quality tests (the measurements take a couple of minutes). Its ability to provide quantitative information for soil layers and soiling deposits in situ is noteworthy, and represents a useful advance in the field. 
The device also provides a measure of the work done per unit volume of material during spreading. Comparison of this quantity with the energy required to yield the materials indicated that the latter does not provide a reliable quantification of the spreadability for the soft solids considered here: spreading involves a significant contribution from viscous dissipation that is not readily captured by traditional rheometric techniques.
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Nomenclature
Roman
	Symbol
	Unit
	Description

	
	[m]
	Length of the accumulated berm

	
	 [-]
	Bingham number 

	
	[N m-1]
	Force at point 

	
	[N m-1]
	Force at point 

	
	[N m-1]
	Force at point 

	
	[N m-1]
	Force per unit width of the blade

	
	[N]
	Normal force, rheometer

	
	[Pa]
	Storage modulus

	
	[Pa]
	Viscous modulus

	
	[m]
	Height of the accumulated berm

	
	[m]
	Gap between plates

	
	[Pa]
	First normal stress difference

	
	[Pa]
	Second normal stress difference

	
	[m]
	Radius of the plate

	
	[m]
	Scraping depth

	
	[s]
	Time

	
	[m s-1]
	Scraping velocity

	
	[J m-3]
	Work per unit volume of dislodged material

	
	[J m-3]
	Energy per unit volume



Greek 
	Symbol
	Unit
	Description

	
	[m]
	Residual thickness of the layer

	
	[m]
	Original thickness of the layer

	
	[-]
	Strain

	
	[s‑1]
	Shear rate

	
	[s-1]
	Characteristic shear rate, 

	
	[s‑1]
	Shear rate at the border of the plate

	
	[-]
	Critical strain, stress ramp

	
	[-]
	Critical strain, stress steps

	
	[-]
	Yield strain

	
	[rad s-1]
	Rotational speed

	
	[rad]
	Cutting angle

	
	[Pa]
	Stress amplitude, oscillatory stress amplitude sweep

	
	[Pa]
	Crossover stress, oscillatory stress amplitude sweep

	
	[Pa]
	Critical stress, stress ramp

	
	[Pa]
	Critical stress, stress steps

	
	[Pa]
	First estimate of the yield stress

	
	[Pa]
	Second estimate of the yield stress

	
	[Pa]
	Third estimate of the yield stress
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