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Introduction

Bread dough is often described as a dispersion of gas cells in a continuous hydrated gluten/starch matrix [START_REF] Gan | The microstructure and gas retention of bread dough[END_REF]. The crumb structure (specific volume and local gas fraction) of bread greatly depends on when and where gas cell walls (GCWs) separating these gas cells rupture during baking (Hayman et al., 1998a;[START_REF] Hayman | Factors controlling gas cell failure in bread dough[END_REF]. Crumb collapse with large cells is obtained for early GCW rupture. Shrinkage due to the lowering in pressure at the cooling stage (just after baking) occurs where a few or even none GCWs rupture. Rupture of GCWs at intermediate temperatures leads to a well-distributed cell crumb structure. At the end of proofing and during baking, part of the thinnest GCWs is reduced to about the size of a few starch granules [START_REF] Bloksma | Rheology of wheat flour doughs[END_REF][START_REF] Dobraszczyk | The rheological basis of dough stickiness[END_REF][START_REF] Sandstedt | The microscopic structure of bread and dough[END_REF]. These are the GCWs that are the most likely to rupture first. Although believed of great importance in controlling the expansion of bread, analysis of rupture at the scale of a thousand of starch granules has little received attention. Attempts to dynamically visualize dough extension at that scale on such thin films in order to identify where GCWs rupture are extremely scarce. The smallsized bubble inflation device that was qualified in this study makes it possible the control of the atmosphere surrounding a thin dough film, its temperature and the observation of the inflating thin dough film from the above when associated with a low-to-mid range digital microscope. Such microscope was not associated to the bubble inflation device in this study which only dealt with the analysis of the possible experimental and calculation biases relevant to the measurement of the stressstrain relationship. The objective of the work was to complement published studies dealing with the observation of the inflating bubble and the measurement of the stress-strain relationship on this device. In the published studies that refer to that work it was not possible to show all the preliminary characterization required for good measurement of stress and strain that accompany the visualization of the deformation of dough films. The preliminary characterization dealt with the analysis of the following biases which were experimentally or analytically investigated:

 Gas tightness of the small-sized bubble inflation device at 20°C and 70°C.  Uniformity in temperature.  Experimental and analytical analysis of the influence of:

o The time left to the dough film to relax its stress prior to inflation. o Diameter and thickness of the dough film.  Propagation of uncertainty on the calculation of stress, strain, thickness of the film, bubble height and radius.

2 Materials and methods

Sample preparation

245 g wheat flour (F1: Type 65, 0.53% ash, 10.58% proteins, from Moulins Soufflet Pantin, France), 144.6 g water, and 4.9 g salt (La Baleine, France) were mixed together using the kneader of the Alveolab ® (Chopin, France) at 60 rpm for 12.5 min. The initial water content (0.448 ± 0.002 wb) was determined from three dough samples after oven-drying at 104 ± 1°C for at least 24 h. The dough was removed from the kneader, stored in a sealed box, and allowed to rest for 15 min at least and 4 hours at most before testing.

Experimental procedure

A piece of dough of about 20 g was removed from the sealed box before each bubble inflation experiment. Thin films of dough were then produced by stretching the piece of dough by hands until the wanted thickness was reached. Two initial thicknesses (see sections 2.3.1 and 3.3.2.1) were experimentally investigated. The bi-extended piece of dough was then placed in the receiving clamp of the small-sized bubble inflation device. Two inner radii (𝒂) of the clamp (see sections 2.2.4 and 3.3.3.1) were experimentaly tested. The device was closed and the sample left to relax before bubble inflation. Two times of relaxation (see sections 2.2.4 and 3.3.1) were also experimentaly investigated.

Inflations were carried out on dough samples not systematically coming from the same preparation. Three replicates were carried out for each condition.

Bubble inflation

Dough bubbles were inflated within a home-made and small-sized bubble inflation device that consisted of two similar chambers placed one on top of the other (Fig. 1 #1 and #2) and separated by the inflating dough film. The dough film and the two chambers were surrounded by a double envelope in which thermoregulated water flows (Fig. 1 #3). Water is also flowing inside the double-glazed windows that were managed at the top and the bottom of the two chambers (Fig. 1 #6) for possible (not used in this study) dough lightening from the bottom and observation from above. The chambers were designed the same size (35 mm in height and 30 mm in diameter) in order to limit slight temperature inhomogeneities that would inevitably lead to evapo-condensation-diffusion and uncontrolled or biased hydration or drying of the dough film. A receiving clamp (Fig. 1 #5) consisting of two removable flat rings insured the holding of the dough film and gas tightness between the upper and lower parts of the dough film. Gas tightness between the clamp and the two chambers was insured using grease. A O-ring silicone flat gasket was placed between the chambers to ensure a tight seal between the two chambers using four wing nuts (Fig. 1 #7) that insured squeezing of the O-ring silicone flat gasket. A space of 100 μm was managed in both the upper and lower rings in order to only squeeze the piece of dough close to the outer rim of the sample. The shape of the rings of the clamp was designed in order not to expose sharp angles to the dough that could initiate undesired rupture of the dough bubble at the clamp level. Four dough tanks (Fig. 1 #4) were managed all around the device to be filled with dough in order to set the gaseous atmosphere and prevent the dough film from drying as much as possible.

Verification of gas tightness

No dough film inflation or dough tank were involved in this experiment. The empty small-sized bubble inflation device was first stabilized at 20°C or 70°C for 15 minutes and the two chambers were then sealed before increasing the pressure to 2 kPa using a syringe connected to the dedicated injection port on the side of the device (Fig. 1 #8). Both pressure and temperature were recorded. Three runs were carried out at each temperature.

Verification of the uniformity of temperature

For the study of the uniformity of temperature, the stretched dough film made by hand was placed within the clamp, a hole (< 1 mm in diameter) was managed by puncturing the middle of the dough film to insure gas to communicate chamber to chamber. The four dough tanks (Fig. 1 #4) were filled with extra dough (about 8 g of dough each) in order to stabilize the gaseous composition around the dough film. No gas was injected and the chambers remained in contact with the surrounding atmosphere through the small metallic ducts of the ports. The temperature was measured during a heating from 20°C to 70°C (at a rate of 5°C/min) that was then followed by a plateau at 70°C. Three runs were carried out at each temperature.

Experimental sensitivity study

The stretched dough film was placed within the clamp. The four dough tanks (Fig. 1 #4) were also filled with extra dough and the device was sealed and connected to the motorized syringe (see section 2.4.1) trough the injection port. The bubble was then inflated at constant strain rate at two extreme values relevant of bread dough during proving, baking and usual mechanical tests performed on dough (0.0006 s -1 and 0.09 s -1 ). The experiments were carried out either with the clamp of 7.5 or 10 mm in diameter and with either the initial thickness of 445 or 621 μm on average (see section 2.3.1). 

Measurements

Initial thickness of the dough film

The initial thickness 𝑇(𝑡 = 0) of the dough film was measured using a digital caliper on dedicated samples (6 replicates) and dried for 24 hours at 104°C before measurement. The initial dry thicknesses were found to be 445 ± 143 μm and 621 ± 122 μm.

Temperature

When gas tightness was under study, the temperature was measured using four calibrated thermocouples (T-type, 0.2 mm in diameter, TC SA, France). T1, T2 and T3, T4 were located in the upper and lower chambers respectively (Fig2. a). The mean (Tm) of the four temperature measurements was then calculated in order to take into account the changes in gas pressure due to possible temperature variations in the calculation of the measured pressure (see section 2.4.2).

For the study of temperature uniformity, T1 was placed within one of the dough tank used for atmosphere regulation at the location where the dough was the most exposed to the gas in the chambers (Fig2. c). T4 was placed at the coldest spot of the dough tank i.e. the spot that was not directly in contact with the regulating bath, at the bottom of the dough tank (Fig2. c). T2 and T3 were placed at about 2 mm away from the dough film within both the upper and lower chambers (Fig2. b).

Gas pressure

A calibrated miniaturized pressure transducer of 9.5 mm in length (2BXCQ-093-25A, Kulite, USA) was connected to the metallic duct of the syringe at the lower chamber (Fig. 2 a). The upper chamber was connected to the outer atmosphere through a small metallic duct except for the study of gas tightness where it was closed. The pressure P used for stress calculation (section 2.4.3) was that measured in the lower chamber, it was expressed relatively to the atmospheric pressure. That pressure was corrected from temperature variation bias (section 2.4.2) when gas tightness of the device was under consideration. 

Data acquisition

A data logger was used (Almemo®, Ahlborn, Germany) and the acquisition frequencies were 10 Hz or 1 Hz respectively when theoretical strain rates of 0.0006 and 0.09 s -1 were applied. For the study of gas tightness, the data were recorded at the frequency of 1 Hz for 1h30 which was about the maximum time of experiment for the very low strain rate, 0.0006 s -1 .

Alveolab ®

Bubble inflation was also carried out using the reference protocol AACC54-30 (Alveolab ® , Chopin technologies, France). The initial thickness of the dough sample used in the Alveolab ® was close to 5 mm. The stress-strain relationship was automatically calculated by the Alveolab ® software [START_REF] Dubois | AlveoConsistograph Handbook[END_REF]. The results were used for the comparison with the results obtained using the small-sized bubble inflation device.

Calculations

2.4.1 Control of constant strain rate: advance of the syringe plunger

The calculations of the stress, the height of the bubble (ℎ), the thickness of the bubble at the top (𝑇) (at any time t) at non-constant strain rate were previously presented by [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF] and [START_REF] Charalambides | Large deformation extensional rheology of bread dough[END_REF]. These equations were adapted in the present study for constant strain rate.

Let's consider the Hencky strain 𝜀 (Eq.( 1)).

𝜀 = 𝑙𝑛 1 + (1)
The strain rate 𝜀̇ Eq.( 2) is obtained by time derivating Eq.( 1).

𝜀̇= = (2) 
By reorganizing Eq.( 2), it comes the differential equation Eq.( 3).

ℎℎ ̇-̇ ℎ -𝜀̇ = 0 (3)
By making a change of variable in Eq.( 3) and assuming 𝑦 = ℎ with 𝑦̇= 2ℎℎ ̇, Eq.(3) then writes Eq.(4).

̇ - ̇ 𝑦 -𝜀̇= 0  𝑦̇- ̇ 𝑦 -𝜀̇= 0  𝑦̇-𝜀ẏ = 𝑎 𝜀̇ (4) 
Eq.( 4) is a differential equation of order 2 with a second member. The solution of such an equation is the sum of the solution of two sub-equations: the homogeneous equation i.e. without second member and the affine equation. The solution of the homogenous equation Eq.( 5) writes Eq.( 6).

𝑦̇-𝜀ẏ = 0 (5)

𝑦 = 𝐾𝑒 ̇ (6)
where K is a constant which will be determined later on using the initial conditions.

The solution of the affine equation writes Eq.( 7).

𝑦 = -𝑎

The solution to Eq.( 4) is therefore Eq.( 8).

𝑦 = 𝐾𝑒 ̇ -𝑎 (8) 
Eq.( 8) then becomes Eq.( 9) using the initial conditions. At t=0, y=0 and so 𝐾 = 𝑎 .

𝑦 = 𝑦 + 𝑦 = 𝑎 (𝑒 ̇ -1) (9) 
The solution of Eq. ( 4) then writes Eq.( 10).

𝑦 = ℎ => ℎ = 𝑎 𝑒 ̇-1 (10) 
As already mentioned the knowledge of the height of the bubble (ℎ) as a function of time for a given strain rate makes it possible to calculate the plunger advance (𝑑(𝑡)). Eq.( 11) can be deduced using the assumption that temperature and pressure in the bubble inflation device and the syringe are equal.

𝑑 = 𝑎 𝑒 ̇-1 2 + 𝑒 ̇ /𝑆 (11)
Where 𝑆 was the surface of the plunger of the syringe. The advance speed (𝑣) of the plunger of the syringe (Fig. 3 #1) was used for programming the rotation speed of the stepper motor (3 axis CNC control board, stepper motor, 2-phase 4-wire, Huizhou Bachin Electronic Technology Co., Ltd, China) (Fig. 3 #2) Eq.( 12).

𝑣 = (12)

The use of two motor reductions (Fig. 3 #3) made it possible to reach a large span of strain rates. The programming was managed in Arduino language using the software dedicated for programming the Arduino Uno card (Uno, Arduino, Italy) and its associated motorshield interface (Motor Shield, Arduino, Italy) (Fig. 3 #4). 

Correction of the measured pressure

The measured pressure was corrected from the induced pressure due to variation in temperature of the air within the device when the verification of gas tightness was carried out. Without this correction a decrease in pressure could have been interpreted as a gas leak when it was only due to a slight decrease in temperature. Under the assumption of constant volume (V) within the two chambers and no gas leaks, the perfect gas law reduces to Eq.( 13).

= 𝑐𝑡𝑒 (13)

The variation of absolute pressure 𝑃 _ due to the variation in temperature Tm writes Eq.( 14).

𝑃 _ = 𝑃 (14)
where 𝑃 was the absolute initial pressure in the chambers and 𝑇 the initial temperature (K). The variation in relative pressure (𝑃 ) due to the variation in temperature then writes Eq.( 15).

𝑃 = 𝑃 _ -𝑃 (15) 
The pressure relative to the initial pressure without the effect of temperature variation in the chambers 𝑃 is given by Eq.( 16).

𝑃 = 𝑃 -𝑃 -𝑃(𝑡 = 0) (16) 
where 𝑃(𝑡 = 0) was the relative pressure at t = 0 s when the device was sealed.

Stress

The pressure 𝑃 measured in the lower chamber was used for the calculation of the stress 𝜎 at the top of the bubble Eq. ( 17).

𝜎 =

.

(

) 17 
where 𝑅 was the radius of the bubble (Eq. ( 18)) and where 𝑇 was the thickness at the top of the bubble at any time (Eq.( 19)) [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF][START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique[END_REF].

𝑅 = (18) 𝑇 = 𝑇(𝑡 = 0) 1 + (19)
where 𝑇(𝑡 = 0) was the initial thickness of the film.

Analytical sensitivity study

A numerical sensitivity study to the initial thickness of the bubble was first managed assuming that the gas pressure was constant and set at 0.65 kPa, a pressure close to the average of the pressure measured over all the duration of a bubble inflation experiment. The strain rate at the top of the bubble was set at 0.09 s -1 . The initial thickness of the film was varied from 100 to 1,500 µm, with a step of 100 µm, directly in the set of equations. The two average values of film thickness measured in the experiments 445 ± 143 μm, 621 ± 122 μm were also considered. The radius of the receiving clamp was varied (7.5 and 10 mm).

Then, the uncertainty analysis on the parameters used in the calculations was performed at the light of the uncertainty evaluated on each parameter. The Monte-Carlo method was applied and 500 inputs for each parameter were randomly selected within their uncertainty range. The uncertainties on the experimental parameters used for calculation, i.e. initial bubble radius (7.5 mm) and initial thickness (404 µm), gas pressure (set constant at 0.65 kPa) and the strain rate (0.09 s -1 ), were estimated at 5%, 30%, 5%, 30% respectively. At each step-time, each outputs were calculated for the random 500 inputs and the mean, the standard deviation and the relative error (standard deviation to mean ratio) were calculated.

3 Results and discussions 3.1 Gas tightness Fig. 4 shows the evolution of the pressure relative to the initial pressure (𝑃 ) against time at room temperature (Fig. 4 a) and at 70°C (Fig. 4 b).

At 20°C, the device was gas tight during at least 1.5 hour (Fig. 4 a). The decrease in pressure was lower than 5.10 -4 kPa/min. This slight leakage was judged not to affect the analysis of stress-strain relationship at 20°C as its impact was lower than 1% of the measured stress.

At 70°C (Fig. 4 b), a rise in pressure relative to the initial pressure during the first 1,000 seconds (blue rectangle, Fig. 4 b) was noticed after the closure of the injection device. It was followed by a pressure stabilization to a plateau (red line almost horizontal, Fig. 4 b). The rise in pressure during the first 1,000 s was due to the thermal expansion of the gas injected in the chamber which was initially at room temperature within the syringe. The variation in temperature of the gas injected at room temperature was not measured by the thermocouples and could not be taken into account in the correction of the measured pressure (section 2.4.2). For the next generation of devices, the syringe should also be thermoregulated. The device looked to be more gas tight on average at 70°C than at 20°C (See linear fit). This was probably due to the thermal dilation of the device that increased squeezing of the O-ring silicone flat gasket. The discrepancies between trials was however higher at 70°C (±1 kPa vs 0.5 kPa). Again, the impact of this leakage do not influence the measured stress in an extent greater than 1%. 3.2 Uniformity of temperature Fig. 5 presents the temperature evolution at the coldest spots (within the dough in a dough tank) and close to the punctured thin dough film maintained in between the lower and upper chambers (Fig. 2. b and c).

During heating and once stabilized at 70°C, a superimposition of temperatures measured by thermocouples T2 and T3 was noticed, which warrants a temperature homogeneity around the dough film better than 0.8°C.

The temperatures measured at the core of the dough tank (T4) was about 10-15°C lower than those close to the dough film (T2 and T3) for the first 1,000 s of heating (Fig. 5a). Then this difference decreased with the progressive establishment of the thermodynamic equilibrium within the device following the stabilization of temperature at 70°C or about. The difference of temperature between the core of the dough tank (T4) with the temperature close to the dough film was lower than 0.5°C (Fig. 5 b). The difference in temperature between the surfaces of the dough film and the dough tank is indeed the most determinant of the vapour migration within the device and measurements of temperature at the surface of the dough tank could usefully complete this analysis and demonstrate that the difference is even less than the above mentioned value. After 1,000 s of stabilization, the drying of the dough film due to evapo-condensation from hot spots where the vapour pressure was the greatest to the cold spots where it was the lowest was thought to be minimized. It was considered that this remaining difference in temperature was non-significant and did not allow intensive further drying of the dough film. Mechanical testing of the film was started after this time of stabilization (> 1,700 s). 

Sensitivity of the stress to different factors

In the followings, when not specified, the reference values for the radius of the receiving clamp, the time left to the film sample to relax and the initial thickness of the film were a= 7.5 mm, τ = 45 min and T(t=0) = 445 𝜇𝑚 respectively.

Effect of the time initially left for dough to relax

Fig. 6 presents the stress at the top of the bubble versus the Hencky strain for the two resting times left to the dough sample to relax before bubble inflation within the small-sized bubble inflation device at 0.0006 s -1 and 0.09 s -1 . No significant effect of the resting time was evidenced up to 1.5 Hencky strain at the two extreme settings of strain rates experienced in this work. 45 min of rest is the time commonly used in the literature before mechanical testing of bread dough film [START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique[END_REF][START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF][START_REF] Shewry | Measurement of biaxial extensional rheological properties using bubble inflation and the stability of bubble expansion in bread doughs and glutens[END_REF] and we have retained this value as a reference for comparison to other works, even if 10 min seem to be sufficient for complete relaxation in these experiments.

Fig. 6. Experimental stress vs. Henchy strain using the sealed small-sized bubble inflation device; effect of two resting times of dough (τ = 10 min and 45 min) at strain rates of 0.09 s -1 and 0.0006 s -1 .

3.3.2 Effect of the initial thickness of the film 3.3.2.1 Experimental Fig. 7 shows stress against Hencky strain at 0.09 s -1 for the two initial average thicknesses of the film, 445 μm (blue line) and 621 μm (red line). The greatest initial thickness was 1.4-fold that of the lowest. The greatest the initial thickness of the dough film, the lower the increase in stress with Hencky strain. At 1.5 Hencky strain, stress decreased about 2-fold from 240 to 120 kPa when the initial thickness of the film increased 1.4-fold (from 445 to 621μm). This makes hard to compare stress-strain curves obtained between reports in the literature as the slightest difference in initial thickness can change a lot the value of stress. The increase in stress observed on the small-sized device in comparison to that obtained by [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] was possibly explained by the extent of the initial strain. The current result supports the idea according to which the difference in stress could come from the difference in initial thickness. The lower the initial thickness, the greater the initial strain and the greater the ability of the dough for strain hardening. The results coming from the Alveolab ® for an initial film thickness close to 5 mm (solid red line) also showed that the same dough could exhibit Hencky strain, ε H 0.0006 s -1 0.09 s -1 different stress-strain relationship according to its initial thickness. Note however that the strain rate applied at the top of the bubble was not constant during the Alveolab ® test and not of the same order of magnitude as that applied in this study within the small-sized bubble inflation device.

Analytical

Fig. 7 presents the analytical stress vs Hencky strain under Bloksma's assumptions [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF] and the assumption of a constant pressure set at 0.65 kPa throughout the duration of the bubble inflation for an initial film thickness varying from 100 μm (the smallest thickness expectable by hand stretching) to 1.5 mm (the approximate thickness used in the experiments of [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] and [START_REF] Charalambides | Large deformation extensional rheology of bread dough[END_REF]). Consistently with the experimental trends discussed above, these results exhibited the fact that at great Hencky strain, the stress was very sensitive to the initial film thickness, in particular when one tries to work with dough films lower than 300 μm in thickness i.e. close to the average thickness of gas cell walls at the end of proving. The stress at the top of the bubble for a film of 100 μm in initial thickness was found about 4-fold that calculated for an initial thickness of 445 μm. This difference decreased as the initial film thickness increased with reference to 100 µm. This analysis shows how much it is important to directly measure strain or bubble thickness if one wants not to make too much error on the calculation of stress. Fig. 7. Effect of the initial film thickness varying from 100 μm to 1.5 mm on the analytical stress-strain (0.09 s -1 strain rate), 45 min resting time and a = 7.5 mm ; comparison to the experimental stress-strain curves obtained with initial film thicknesses (445 ± 143 μm and 621 ± 122 μm) using the small-sized bubble inflation device at 0.09 s -1 . The stress-strain curve obtained with the Alveolab ® using a dough film of about 5 mm thick initially and non-constant strain rate.

3.3.3 Effect of the radius of the receiving clamp 3.3.3.1 Experimental Fig. 8 a shows the stress vs Hencky strain for the two initial radii of the receiving clamp of 7.5 and 10 mm at the two settings of constant strain rates at the top of the bubble of 0.09 s -1 and 0.0006 s -1 . The effect of the initial radius on the mechanical behaviour of the dough film was low at extremely low strain rate of 0.0006 s -1 ; the curve at the greatest radius (10 mm) was 1.09-fold that at the smallest radius at Hencky strain of 1.5. The effect increased with the increasing strain rate at 0.09 s -1 , the stress was about 1.5-fold using the receiving clamp of the smallest radius (7.5 mm) compared to the greatest radius (10 mm). The greater the setting of the strain rate, the greater the effect of the initial radii of the dough film on the stress.

Analytical

Fig. 8 b presents the analytical stress vs Hencky strain for an initial thickness of 445 μm and the two radii of the receiving clamp (7.5 and 10 mm) for two settings of constant strain rates at the top of the bubble of 0.09 s -1 and 0.0006 s -1 . The stress for a radius of 10 mm was found to be 1.3-fold that when using a receiving clamp of 7.5 mm in radius at 1.5 Hencky strain. This result was in agreement with the experimental data at low strain rate (0.0006 s -1 ). However, it was the opposite of what was experimentally observed at 0.09 s -1 with a variable pressure (Fig. 8 a). This observation was probably due to the constant pressure assumption we considered in the case of analytical estimation of the stress while the real pressure measured was non-constant and greater when using the small diameter receiving clamp than when using the largest diameter. These results once again support the point that the knowledge of the experimental parameters such as pressure, bubble height and especially the initial thickness is crucial for a good estimation of the stress at the top of the bubble. 3.4 Sensitivity study to the uncertainty on all the entry parameters used in the analytical equations Fig. 9 a presents the mean analytical height and radius of the bubble (black lines), calculated over the 500 combinations of input parameters at each time step. The associated uncertainty is presented in dash red lines. The bubble height first decreased from the infinite (the radius of the initial flat dough film) to the value of 7.5 mm when the bubble turned from an 'open' to a 'closed' spherical cap where the radius, the height of the bubble and the radius of the receiving clamp were all equal. From that point on, the radius increased. In the meantime, the height first quickly increased to the value of 3 mm due to the constant strain rate condition imposed at the top of the bubble. Then it linearly increased up to 14 mm at 1.5 Hencky. The impact of the uncertainties on the bubble height was of the order of 2.5 mm for a mean height of 14 mm. The relative error on the bubble height reached about 18% (Fig. 10 green) and the relative error on the bubble radius reached about 10% (Fig. 10 black dot). Fig. 9 b presents the analytical thickness at the top of the bubble against time. It decreased from 404 μm to about 30 μm at 1.5 Hencky strain where the divergence with the hypothesis of non-uniformity of the bubble thickness started to be very significant. The associated relative error was found to be of the order of 52% at 1.5 Hencky strain (Fig. 10 red line). Such an error was quite significant and revealed the importance of being accurate on the input parameters if one still wants to estimate the thickness of the bubble in the domain were the equation are supposed to remain valid (< 1.5 Hencky strain). Fig. 9 c presents the analytical stress at the top of the bubble against time. Let's first remind that the applied pressure was uniform throughout all this analytical bubble inflation, even at the beginning of the inflation. This explains why the stress was not null at the beginning of the inflation. It then increased exponentially. The relative error reached a value of about 60% at 1.5 Hencky strain (Fig. 10 black solid), showing again how the calculation of the stress amplifies the errors on the input parameters. . Relative error on analytical outputs issued from the calculation under Bloksma's assumption with the assumption of uncertainties of 5% on the initial bubble radius, 30% on the initial thickness of the dough film, 30% on the strain rate at the top and 5% on the pressure measurement.

Conclusions and perspectives

Gas leak was observed at 20°C and 70°C but found not to be influencing the results significantly. One might stay confident about the tightness of the device and the reliability of the measured pressure and strain though some improvements in gas tightness should be made in the next generation of devices.

The greatest difference in temperature within the device was reduced as much as possible to 0.8°C once the temperature has stabilized to 70°C within the device. This give quite good confidence on the ability of the device to minimize water content variations of the dough film during long lasting mechanical tests involved at low strain rate. Without this precaution, any cold spots inside the device would condense water vapor within the device and bring a progressive dehydration of the sample. Remember that it is difficult to check the water content of the dough film after mechanical testing because of its extremely low thinness; this is true at 20°C and even more at 70°C.

The small-sized bubble inflation device remains a delicate tool to handle when one wants to estimate the stress-strain relationship. The equations used for the calculation of the stress are based on assumptions that quickly (Hencky strain > 1.5) become not accurate enough to allow precise identification of the stress. The structure of the equations used highly amplifies the slightest error on each input parameter. The stress-strain relationship was found to be very sensitive to the film thickness and especially when it became thinner than 300 µm.

Fig. 1 .

 1 Fig. 1. The small-sized two-chamber inflation device. 1 and 2: Upper and lower chambers 3: Connexions for the thermoregulated water circulation 4: Dough tanks (two per chamber) 5: O-ring Silicone flat gasket 6: Double glazing (one per chamber), 7: wing nuts.

Fig. 2 :

 2 Fig. 2: Location of the thermocouples for the verification of gas tightness (a), for the verification of the uniformity in temperature (b) and (c): (b) in the vicinity of the dough film and (c) inside one of the four dough tanks.

Fig. 3 .

 3 Fig. 3. (a) (1) The motorized syringe used for bubble inflation. (2) The stepper motor and its associated (3) motor reductor and the coupled controller and motorshield cards used for controlling the stepper motor and programmed for exponential movement of the plunger (constant strain rate at the top of the bubble). (b) Image of a bubble without the upper chamber. (c) Schematic of the inflating bubble (from Charalambides et al. (2002)).

Fig. 4 .

 4 Fig. 4. Relative pressure Pr within the chambers vs time, (a) at room temperature (b) at 70°C. All for 5,000s (about 1 hour 20 minutes). Mean and standard deviation between three runs.

Fig. 5 .

 5 Fig. 5. (a) Temperature vs time for thermocouples T2, T3 near the dough film, T1, T4 in a dough tank, (b) zoom in on the blue boxed area in Fig. 5 a. The temperature was set to 70°C. Mean and standard deviation between three runs.

Fig. 8 .

 8 Fig. 8. Stress vs Hencky strain for the two radii of the receiving clamp a = 7.5 mm and 10 mm and two strain rates of 0.09 s -1 and 0.0006 s -1 . (a) experimental data (45 min resting time and initial film thickness of 0.445 mm), (b) analytical data.

Fig. 9 d

 9 Fig. 9 d presents the analytical strain at the top of the bubble against time. It was directly impacted by the uncertainty on strain rate which could have a real value different from that set. The relative error was constant and of the order of 18% (Fig. 10 blue).

Fig. 9 .

 9 Fig. 9. Analytical (a) mean height and radius of the bubble vs time, (b) mean thickness of the bubble vs time, (c) mean stress vs Hencky strain and (d) Hencky strain vs time, black lines. The range of uncertainty (mean ± standard deviation) is shown in red dash lines.

  Fig.10. Relative error on analytical outputs issued from the calculation under Bloksma's assumption with the assumption of uncertainties of 5% on the initial bubble radius, 30% on the initial thickness of the dough film, 30% on the strain rate at the top and 5% on the pressure measurement.