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16 Abstract

17 The good nutritional value of unrefined wheat flours makes it necessary to implement 

18 breadmaking strategies to improve bread quality. The present study investigated the effect 

19 of kneading speed, dough water amount and kneading time on both the specific mechanical 

20 energy of unrefined wheat flour dough and the quality of unrefined wheat flour bread 

21 produced from two wheat flour cv. of different technological quality. The kneading speed 

22 turned out to be a critical factor to optimize the kneading operation. The effect of kneading 

23 speed was significantly linked with the kneading time and water amount as a function of the 

24 technological quality of flour. Advantageous operating conditions of kneading were also 
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25 extrapolated to minimize both time and energy consumption of kneading, assuming 3.00 

26 L/kg of bread specific volume as a reference value for soft bread: Application of high speed, 

27 short time and high dough water content was suggested for the kneading optimization for 

28 unrefined wheat flour.

29

30 Key words

31 Whole wheat flours; mixing; water amount; kneading time; wheat bread 
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32 1. Introduction

33 In recent years, the market demand for healthy food is constantly growing [1]. The interest 

34 in the use of unrefined wheat flours for breadmaking has also increased, since these flours 

35 showed a better chemical composition in terms of fibre, minerals, vitamins, and lipids than 

36 refined flours [2, 3]. Furthermore, scientific studies have reported that the regular 

37 consumption of unrefined flour-based food products is associated to positive effects on 

38 human health, by reducing the risk to develop cardiovascular diseases, type 2 diabetes, and 

39 some type of cancers [4, 5]. Although unrefined flours have an interesting nutritional profile, 

40 they showed poor breadmaking performance, resulting in sticky doughs difficult to work, 

41 and in low volume bread with coarse and hard texture, dark colour, nutty odour, and 

42 bitter/sour taste. In the literature, the most studied strategies to improve the breadmaking 

43 performance of unrefined flours involved treatments on milling by-products [6, 7], the 

44 addition of bread improvers such as enzymes, emulsifiers, hydrocolloids, and oxidants [8], 

45 and the use of the sourdough fermentation [9]. However, although both bakers and 

46 consumers are mainly interested in unrefined flour breads with clean label formulas [10, 

47 11], scant literature research only limited information was performed is available on how to 

48 adjust trying to change the breadmaking operating conditions during breadmaking as a 

49 function of the inherent characteristics of raw materials [2].

50 Within the different unit operations of the breadmaking process, kneading represents one 

51 of the most important steps during which several phenomena occur to the dough 

52 constituents. A viscoelastic dough is obtained as a result of mixing of dough ingredients, 

53 proper hydration of ingredients, glass transition of amorphous regions of starch and 

54 amorphous proteins, gluten network development and inclusion of air bubbles within the 

55 dough structure [11, 12 12, 13].
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56 In the literature, it was has been reported that the appropriate control of the following 

57 kneading parameters significantly improved this operation: kneading time, dough 

58 temperature, the speed of the kneading speed machine, dough aeration, flour water 

59 absorption, water temperature, and total water content [13 14]. Considering the effect of 

60 the speed of the kneading speed machine, a variable that changes the rate of energy supply 

61 to the developing dough [12 13], the studies performed on refined wheat flours reported 

62 that to achieve the dough readiness, mixing intensity and the amount of work imparted to 

63 the dough should be above a minimum critical level, which changed as a function of the 

64 flour type [14–17 15–18]. Increasing the speed of kneading speed machine resulted in 

65 significant effects on dough properties such as reduction of dough mixing stability [15, 18 

66 16, 19], increase of dough peak torque [19–21 20–22], and decrease of the kneading time 

67 [15, 20, 22, 23 16, 21, 23, 24]. Although the speed of kneading speed machine significantly 

68 impacted refined bread quality, few and contradictory effects were reported in the 

69 literature about this issue [14, 16, 22, 24, 25 15, 17, 23, 25, 26].

70 Kneading can be considered even more critical for unrefined flour dough, since the presence 

71 of the fibres negatively affects the gluten network development [7]. Indeed, the unrefined 

72 flour doughs generally showed short dough stability at kneading and high dough weakening, 

73 as well as they are usually characterised by a high tenacity and low extensibility values [2, 3, 

74 7]. However, only few studies tested the effect of kneading variables when the breadmaking 

75 was performed with unrefined flours [26–30 27–31], and none of those papers evaluated 

76 the effect of changing the speed of kneading speed machine. 

77 Therefore, the aim of the present study was to investigate if the variation of kneading speed 

78 could help in overcoming the technological issues of using unrefined wheat flours in the 

79 breadmaking process. In detail, the effect of kneading speed, linked with the water amount 
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80 and kneading time, was tested on both the specific mechanical energy (SME) of unrefined 

81 flour dough and the quality of unrefined flour bread produced from two wheat flour cv. of 

82 different technological quality.

83

84 2. Materials and Methods

85 2.1 Materials

86 Two batches of a sp. Triticum aestivum L., belonging to cv. Andriolo and Bologna, were used 

87 to perform the experimental trials. The wheat was grown in Montespertoli (Florence, Italy) 

88 during the 2020-2021 growing season. Brown flours (i.e., extraction rate 85 g/100 g dry 

89 kernel, ash content max 0.95 g/100 g dm [31 32] were processed using a stone grinding mill 

90 and a sieve (two consecutive passages through 1,100-1,200 µm sieve) at the Molino 

91 Paciscopi (Montespertoli, Florence, Italy). According to the Farinograph and Alveograph 

92 characterisation reported in Table 1 and according to the literature [12 32], Andriolo was 

93 the wheat flour of low technological quality, classified as weak or biscuit flour, whereas 

94 Bologna was the flour of good technological quality, classified as common breadmaking 

95 flour. 

96

97 2.2 The experimental design

98 Baking trials, based on Doehlert Matrix (DM) Design [32 33], were performed to test the 

99 effect of the following kneading variables: (i) Dough water amount – W (%, w/flour w), (ii) 

100 Kneading time – T (min), (iii) Kneading speed – S (rpm).

101 The DM Design allowed to investigate the effect of the 3 independent variables at different 

102 levels; 5 levels (- 1, - 0.5, 0, + 0.5, + 1) of W and T, and 3 levels of S (- 0.707, 0, + 0.707) were 

103 tested. The DM Design for 3 factors, of which 2 at 5 levels and one at 3 levels, required 16 
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104 experimental runs, including 4 replications of the centre point. A total of 16 experimental 

105 runs x 2 flour cv. resulted in 32 processed bread samples. Since two experimental trials were 

106 also performed to properly investigate Andriolo behaviour at kneading, the total number of 

107 processed bread samples was 32 + 16 = 48. The proper experimental range and distance 

108 levels of the tested variables were identified in preliminary trials; they were selected both to 

109 be approximately the same range for the tested flour cv. and to give bread moisture values 

110 which were consistent with Italian legislation [12 34]. 

111 Experimental trials were divided in two blocks, performed on two consecutive days. Each 

112 block contained 8 trials; 6 trials were obtained by the randomization of the 16 variable 

113 combinations and 2 trials represented the centre points. The distance between 0 and +/- 1 

114 points was 8% for the W variable, and 6 min for the T variable. The distance between 0 and 

115 +/- 0.707 was 50 rpm for the S variable. The response variables were the bread specific 

116 volume and the specific mechanical energy (SME) of dough.

117

118 2.3 Breadmaking

119 All the ingredients used to make bread were stored at room temperature (22 ± 2°C) and 

120 fresh brewer’s yeast was stored at 4°C; 500 g batches of dough were prepared. The basic 

121 dough formula was brown flour (310 g), and fresh brewer’s yeast (13 g); the amount of 

122 water was selected according to the DM Design. The kneading operation was performed at 

123 room temperature using a Kitchen Aid Professional Mixer (5KSM185PS, KitchenAid, St. 

124 Joseph, Michigan, USA) operating with a dough hook (model KSM35CDH) at the speed 

125 selected in the DM Design. After kneading, each dough was placed in a breadmaking 

126 machine (Pain doré, Moulinex, Ecully, France) to perform the proofing step for 90 min at 

127 room conditions (T = 22 ± 2°C, relative humidity = 50%), and baked at 150°C for 50 min. 
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128

129 2.4 Measurement methods

130 2.4.1 Dough rheology

131 The Brabender Farinograph test was performed according to the standard method (AACC 

132 54–21.02). The following parameters were measured [12]: water absorption (WA, % w/flour 

133 w) – the amount of water necessary to reach the reference of optimal dough consistency 

134 (500 BU); dough development time (DDT, min) – the time taken by the dough to reach the 

135 point of optimal dough consistency; dough stability (DS, min) – the time during which the 

136 dough consistency remained at the optimal value of 500 BU; mixing tolerance index (MTI, 

137 BU) – the difference between the peak of optimal dough consistency (500 BU) and the 

138 dough consistency measured 5 min after the peak; dough weakening (DW, BU) – the 

139 difference between the peak of optimal dough consistency (500 BU) and the dough 

140 consistency measured at the end of the assay (20 min) [12 32]. 

141 The Alveograph test was performed following the standard method (AACC 54–30.02). The 

142 parameters measured were as follows [33]: the dough tenacity (P, mm H2O) – the maximum 

143 overpressure; dough extensibility (L, mm) – the average bubble length at rupture; swelling 

144 index (G, mm) – the square root of the volume of air necessary to inflate the dough bubble 

145 until it ruptures; flour strength (W, 10−4 J) – the energy required to inflate the dough bubble 

146 to the point of rupture; and ratio between dough tenacity and extensibility (P/L) [35]. 

147

148 2.4.2 Power consumption

149 The power consumption of dough samples was monitored every 5 s of kneading by means 

150 of an energy analyser (Fluke 434-II/435-II/437-II, Danaher Corporation, Everett, Washington, 

151 US). The parameters measured during kneading were electric current (A) – I, and voltage (V) 
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152 – V. Power consumption (W) was determined as the product between I and V (I x V), and 

153 total energy (kJ) was determined as the product between V and the kneading time – T (V x 

154 T). Dough specific mechanical energy – SME (kJ/kg) was determined as the ratio between 

155 the total energy imparted to the dough during kneading – E (kJ) and the mass of the dough 

156 (kg). 

157

158 2.4.3 Bread quality

159 Bread volume (L) was measured using the standard millet displacement method (AACC 10-

160 05.01), and bread specific volume (L/kg) was determined as the ratio between total bread 

161 volume (L) and its mass (kg).

162

163 2.5 Data processing

164 The response variables, bread specific volume and SME, were related with the tested 

165 variables by polynomial models using a multiple regression analysis (Standard Least Square 

166 Fitting). The significance of the tested variables was determined by ANOVA; it included first 

167 order (W, T, and S), second order (W2, T2, and S2) coefficients, and their first order (W*T, 

168 W*S, T*S) and second order (W*T*S) interactions. Experimental data were processed with R 

169 software version 4.0.3.

170

171 3. Results

172 3.1 Specific mechanical energy (SME)

173 Dough SME of cv. Andriolo showed a significance of the first order (p < 0.001) and second 

174 order (p < 0.05) regression models. The minimum values of Andriolo dough SME ranged 

175 from a value of approx. 3.0 kJ/kg at 100 rpm to a value of approx. 3.5 kJ/kg at 150 rpm and 
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176 200 rpm, whereas its maximum value was approx. 9.0 kJ/kg at all the tested kneading 

177 speeds. Independently of kneading speed and water amount, the increase of the kneading 

178 time caused an increase of dough SME. The higher the water amount, the lower the SME of 

179 the dough, but the extent of SME decrease changed as a function of kneading time and 

180 speed. In particular, the lower the kneading speed and the longer the kneading time, the 

181 higher the decrease of dough SME as the water amount increased as increasing the water 

182 amount. Up to 10 min of kneading time, a SME decrease of approx. 2.0-2.5 kJ/kg was 

183 observed at the medium (150 rpm) and lowest (100 rpm) kneading speed, whereas at the 

184 highest kneading speed (200 rpm) a lower SME decrease of approx. 1.0 kJ/kg occurred. In 

185 the kneading time ranging from 10 to 20 min, a dough SME decrease occurred with values of 

186 approx. 3.0 kJ/kg, 2.0-2.5 kJ/kg and 1.5 kJ/kg at the lowest, medium and highest kneading 

187 speeds, respectively. 

188 Considering Bologna, results showed a significance of the first order regression model (p < 

189 0.001). Values of the dough SME ranged from a minimum of approx. 2.0 kJ/kg to a maximum 

190 of approx. 8.5 kJ/kg at all the tested kneading speeds. An increase of the kneading time 

191 caused an increase of dough SME, and an increase of the water amount caused a decrease 

192 of SME. However, cv. Bologna dough had a different variation of SME as a function of both 

193 kneading speed and time; in particular, the lower the kneading time and speed, the higher 

194 the effect of water amount on the dough SME. Up to 16 min of kneading time, a SME 

195 decrease of approx. 1.5-2.0 kJ/kg was observed at 100 and 150 rpm kneading speed, 

196 whereas at 200 rpm kneading speed a lower SME decrease of approx. 1.0 kJ/kg occurred. In 

197 kneading time longer than 16 min, a dough SME decrease occurred with values of approx. 

198 0.5-1.5 kJ/kg at 100 and 150 rpm and of 0.0-1.0 kJ/kg at 200 rpm.

199
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200 3.2 Bread quality

201 The bread quality from cv. Andriolo dough showed a relationship with W, T and S variables. 

202 The surface plots at the three different kneading speeds are shown in Figure 1.

203 The first order coefficient of water amount (W) was significant (p < 0.001); regardless of 

204 kneading time and speed, the addition of different water amounts caused a variation of 

205 bread specific volume of approx. 0.50-0.60 L/kg, starting from values of approx. 2.50-2.60 

206 L/kg and achieving values of approx. 3.00-3.10 L/kg. The second order coefficient of water 

207 amount (W2) was also significant (p < 0.001); a maximum value of bread specific volume 

208 (3.00-3.10 L/kg) as a function of W was obtained at values of approx. 65.0-66.0%. 

209 The interaction between kneading time and speed (T*S) had a significance of p < 0.05 and 

210 showed that effect of kneading time on bread specific volume changed as a function of 

211 kneading speed. After 5 min of kneading, the maximum bread specific volume was approx. 

212 2.95 L/kg at 100 rpm, and 3.00 L/kg at both 150 rpm and 200 rpm. Instead, when kneading 

213 time increased, the bread specific volume showed the following different trend as a function 

214 of kneading speed: (i) at the lowest speed (100 rpm), bread specific volume gradually 

215 increased, reaching after 15 min of time a value of approx. 3.10 L/kg, which remained 

216 constant up to 20 min of kneading; (ii) at the medium speed (150 rpm), the maximum value 

217 of bread specific volume (3.05 L/kg) occurred after 6 min of kneading, remaining constant 

218 up to 19 min of kneading and then, decreasing; (iii) at the highest speed (200 rpm) the 

219 maximum bread specific volume (3.00 L/kg) was reached in the first few minutes of 

220 kneading, remaining constant up to 15 min of kneading and then, decreasing.

221 The bread quality from cv. Bologna dough showed a different behaviour compared to cv. 

222 Andriolo dough, as showed by the surface plots of at the three different kneading speeds 

223 (Figure 2). Although in the tested conditions the optimization of operating variables was not 
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224 achieved, results showed that kneading variables significantly affected the quality of breads 

225 form cv. Bologna. The second order coefficients of water amount (W2) and time (T2) were 

226 significant (p < 0.05). The interaction between water amount and kneading speed (W*S) was 

227 significant (p < 0.05); the bread specific volume had a different trend at the tested kneading 

228 speeds as a function of the water amount. At the lowest speed and 15 min of kneading time, 

229 the bread specific volume showed a value of 2.80 L/kg when the water amount was low 

230 (55.5%); then, it started to increase showing values of 3.00 L/kg, 3.10 L/kg, 3.20 L/kg at 60%, 

231 63% and 68% of water amount, respectively. The maximum value of 3.30 L/kg occurred 

232 close to the maximum levels of kneading time and water amount (i.e., 19-20 min and 69.0-

233 71.5%).

234 At the medium speed and 15 min of kneading time, the bread specific volume was 2.70 L/kg 

235 when the water amount was low (55.5%), and then increased, reaching 3.00 L/kg, 3.10 L/kg, 

236 3.20 L/kg, 3.30 L/kg at 61.0%, 63.0%, 66.5% and 71.5% of water amount, respectively. The 

237 maximum value of bread specific volume corresponded to 3.40 L/kg and it was achieved 

238 closed to the highest levels of kneading time and water amount (i.e., 20 min and 71.5%). 

239 At the highest speed and 15 min of kneading time, the bread specific volume had a value of 

240 2.70 L/kg when the water amount was low (55.5-56.5%), and then it increased in relation 

241 with the water amount increase, showing the following values: 3.00 L/kg at 61.0%, 3.10 L/kg 

242 at 63.0%, 3.20 L/kg at 65.0%, 3.30 at 67.5%, and 3.40 L/kg at 71.0%. The maximum value of 

243 bread specific volume corresponded to 3.40 L/kg and it was achieved at the highest 

244 kneading time (20 min) and water amount (71.5%) similarly to the results at the medium 

245 speed.

246

247 4. Discussion 
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248 4.1 The effect of kneading speed 

249 Addition of flour improvers is usually proposed in the literature data [2, 3, 8] in order to 

250 process bread from unrefined wheat flours with acceptable technological quality. However, 

251 since consumers as well as bakers demand clean label breads, studies on adapting the 

252 processing conditions to the characteristics of raw materials are useful to improve the 

253 quality of unrefined flour bread, avoiding the use of improvers [10]. 

254 Water amount and kneading time have well known crucial roles during the wheat dough 

255 development [11–13, 17, 34 12–14, 18, 36]. The water amount allows both the proper 

256 hydration of flour constituents and the glass transition of amorphous regions of starch and 

257 amorphous proteins [11, 12, 34 12, 13, 36]. In unrefined wheat flour dough, the hydration of 

258 gluten proteins is reported to be hindered by the presence of fibre components, which 

259 compete with the gluten proteins for the water uptake; consequently, dough with poor 

260 tenacity to extensibility ratio and low bread volume are obtained [7, 12, 35 13, 37]. 

261 Considering the effect of Tthe kneading time, the determination of the optimal kneading 

262 time allows the optimal development of the gluten matrix, avoiding the detrimental effects 

263 of under- or over- kneading times [12, 34 13, 36].

264 Our experimental data showed that also the kneading speed (S) significantly affected the 

265 quality of unrefined wheat flour bread, but the effect of kneading speed was linked with the 

266 kneading time (T) and water amount (W) as a function of the technological quality of flour. 

267 The weak flour cv. Andriolo was significantly affected by the interaction S*T, which proved 

268 that an increase of kneading speed decreased the kneading time required to obtain similar 

269 bread specific volume; these results are consistent with those reported in the literature 

270 about refined wheat flours [15, 20, 22, 25 16, 21, 23, 26]. Furthermore, the maximum value 

271 of bread specific volume occurred at the minimum kneading speed, suggesting that cv. 
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272 Andriolo achieved the optimal dough development at the lowest energy-input supply; the 

273 above behaviour was consistent with literature data about the low energy requirements of 

274 refined weak flours during the kneading operation [14, 24 15, 25]. 

275 Instead, the flour of good breadmaking quality, cv. Bologna, was significantly affected by the 

276 interaction S*W. For bread specific volumes up to 3.00 L/kg (i.e. an acceptable bread 

277 specific volume according to [12]), an increase of the kneading speed required an increase 

278 of the water amount in order to reach the same values of bread specific volume. Conversely, 

279 for bread specific volume ≥ 3.10 L/kg, the higher the kneading speed the lower the water 

280 amount in order to reach the same values of bread specific volume. Furthermore, the 

281 increase of kneading speed significantly enhanced bread specific volume from 3.30 L/kg to 

282 3.50 L/kg, reaching the maximum value of bread specific volume (3.50 L/kg) at the highest 

283 kneading speed. Therefore, the interaction between the rate of energy-input supply and 

284 water amount may affect both the hydration kinetics of unrefined flour constituents and the 

285 development of gluten proteins. 

286

287 4.2 An approach to choose the kneading operating conditions

288 4.2.1 Maximum and acceptable bread volume

289 Bread volume is considered the most representative parameter to evaluate the overall 

290 bread quality [12 38, 39]. In our study a maximum value of bread specific volume was 

291 obtained at different kneading operating conditions as a function of wheat flour 

292 technological quality (Table 2). Cv. Andriolo reached a maximum bread specific volume of 

293 3.10 L/kg at the following kneading conditions: The lowest kneading speed (100 rpm), 66% 

294 of water amount and 17.5 min of kneading time which imparted to the dough 7.51 kJ/kg of 

295 SME. Instead, cv. Bologna reached a maximum bread specific volume of 3.50 L/kg at the 
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296 highest kneading speed (200 rpm), 71.5% of water amount and 20 min of kneading time 

297 that corresponded to 8.14 kJ/kg of SME. The above differences between the tested flours 

298 were consistent with the literature about the effect of flour technological quality on the 

299 dough kneading requirements [12, 14, 24 13, 15, 25]. The specific kneading conditions 

300 required by the tested flours can be associated to their different technological quality, that 

301 is their different quantity and quality of wheat gluten proteins. Cv. Bologna showed the 

302 highest values of kneading speed, water amount, kneading time and SME to achieve an 

303 optimal dough development, according to its good technological quality; conversely, the 

304 weak flour cv. Andriolo showed the lowest values of the above variables [12, 14, 24 13, 15, 

305 25]. 

306 According to the classification of Italian bakery products made with wheat flours of different 

307 refinement degrees as well as with flours enriched with different fractions of milling by-

308 products (bran, germ, middlings, etc.) literature data, a bread can be defined “soft” when 

309 values of bread specific volume of approx. are higher than 2.50-3.00 L/kg and values of 

310 bread moisture are higher than 15% corresponded to light and soft bread, largely 

311 appreciated by consumers [12 38]. All bread samples tested in the present study had a 

312 moisture higher than 15% (data not shown). As regard to bread specific volume, we 

313 considered the highest value of the reported range, If i.e. 3.00 L/kg, is assumed as an the 

314 minimum threshold for acceptable bread specific volume, . Following this criterion, a 

315 greater number of suitable combinations of dough water amount, kneading time and speed 

316 can be chosen from the experimental data (Table 3). For cv. Bologna, when the dough water 

317 amount was approx. above 61%, all tested time and speed conditions of kneading were able 

318 to develop acceptable bread specific volumes above equal or higher than the selected a 

319 specific threshold of bread acceptability of the dough water amount (approx. 61%); . tThe 
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320 corresponding dough SME ranged between 2.0 kJ/kg and 8.5 kJ/kg depending on both 

321 kneading time and water amount. Cv. Andriolo was more sensitive to kneading operating 

322 conditions than cv. Bologna, due to its low technological quality. The threshold of the dough 

323 water amount was approx. 62%, which were able to develop acceptable bread specific 

324 volume at suitable combinations of kneading time and speed as follows: 7-20 min, 4-20 min, 

325 4-15 min at 100 rpm, 150 rpm, 200 rpm, respectively. The corresponding dough SME 

326 changed as a function of kneading speed, with values approx. in the range of 3.0-8.5 kJ/kg, 

327 3.5-8.5 kJ/kg, and 3.5-7.0 kJ/kg at 100 rpm, 150 rpm and 200 rpm, respectively.

328

329 4.2.2 Advantageous operating conditions of kneading

330 An acceptable bread specific volume in the shortest kneading time was used as a criterion of 

331 an advantageous kneading. Advantageous kneading conditions were identified as the 

332 conditions that allowed to obtain a bread specific volume equal or higher than the selected 

333 threshold of bread acceptability (3.00 L/kg) in the shortest kneading time. Bread samples 

334 from cv. Andriolo unrefined flour reached the value of 3.00 L/kg after 4 min of kneading at 

335 both 150 rpm and 200 rpm (Table 3). However, whereas a quite careful evaluation of dough 

336 water amount (62.5-65%) was required at 150 rpm, the widest range of water amounts 

337 (60.5-68%) resulted in an unvaried bread specific volume at the highest kneading speed (200 

338 rpm). Therefore, the choice of 200 rpm kneading speed allowed to obtain an acceptable 

339 bread volume in only 4 min of kneading time, without the necessity to carryied out an 

340 accurate determination of dough water amounts. Bread samples from cv. Bologna unrefined 

341 flour showed a different trend. A bread specific volume of 3.00 L/kg occurred with a 

342 kneading time of 8 min, independently of the kneading speed; the specific range of water 

343 amounts of (approx. 62-72%) resulted in an unvaried bread specific volume at all tested 
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344 kneading speeds (Table 3). Therefore, cv. Bologna was able to reach an acceptable bread 

345 volume at all tested speeds in a similar and wide range of water amounts values, which 

346 should be above a minimum value of 62%.

347 The above advantageous operating conditions were also consistent with the environmental 

348 impact of energy consumption associated to the kneading operation, because they were 

349 able to cause produce an acceptable bread specific volume with the lowest values of energy 

350 consumption. For cv. Andriolo, 200 rpm for 4 min of kneading time was a good combination 

351 of variables for the acceptable resulting in bread specific volume equal or higher than the 

352 selected threshold (3.00 L/kg) of product acceptability and requiring with the lowest SME, 

353 ranging which ranged from approx. 3.7 to 4.2 kJ/kg as a function of dough water amount. 

354 The highest values of SME were obtained at the other kneading speeds (i.e., 4.0-4.5 kJ/kg at 

355 both 100 and 150 rpm). For cv. Bologna, the minimum value of SME, which was approx. 2.0 

356 kJ/kg, was obtained at the highest water amount (71.5%) and at the minimum kneading 

357 time of 8 min, independently of the kneading speed. However, the highest mixing speed 

358 (200 rpm) can be considered the best operating condition to minimize the energy 

359 requirements, because the lowest range of SME values (2.0-3.0 kJ/kg) was also obtained 

360 independently of the water amount; a greater range of SME value was obtained as a 

361 function of water amount at both the minimum (2.0-4.0 kJ/kg) and medium (2.0-3.5 kJ/kg) 

362 kneading speed.

363

364 5. Conclusions

365 The originality of this paper is that the combined effect of kneading speed with kneading 

366 time and dough water amount was studied in order to improve the quality of bread from 

367 unrefined wheat flour dough. Experimental data showed that a suitable choice of the above 
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368 kneading operating conditions allows an optimization of bread specific volume as a function 

369 of the technological quality of unrefined wheat flour.

370 The kneading speed was a critical factor to optimize the kneading operation. A significant 

371 relationship between kneading speed and time resulted for the weak flour cv. Andriolo: 

372 Increase of the kneading speed decreased the kneading time to obtain high values of bread 

373 specific volume. Instead, a significant relationship between kneading speed and dough 

374 water amount resulted for the cv. Bologna flour (i.e. a common breadmaking flour): The 

375 greater the kneading speed, the lower the dough water requirements to obtain high values 

376 of bread specific volume. Advantageous operating conditions of kneading were also 

377 extrapolated in order to minimize both time and energy consumption (i.e., SME values) of 

378 kneading, assuming 3.00 L/kg of bread specific volume as a reference value for soft the 

379 acceptability threshold for unrefined flour bread; kneading optimization for unrefined 

380 wheat flour may be reached applying high speed, short time and high dough water content 

381 conditions. 
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518 Figure captions

519

520 Figure 1. Contour plots obtained from the Response Surface Methodology for cv. 

521 Andriolo unrefined wheat flour. Estimation of bread specific volume was evaluated 

522 within the whole selected range of kneading time (4-20 min) and water amount (55.5-

523 71.5%) at the three different kneading speeds: a) 100 rpm, b) 150 rpm and c) 200 rpm. 

524 Black lines represent points of the surface with the same bread specific volume.

525

526 Figure 2. Contour plots obtained from the Response Surface Methodology for cv. 

527 Bologna unrefined wheat flour. Estimation of bread specific volume was evaluated 

528 within the whole selected range of kneading time (8-20 min) and water amount (55.5-

529 71.5%) at the three different kneading speeds: a) 100 rpm, b) 150 rpm and c) 200 rpm. 

530 Black lines represent points of the surface with the same bread specific volume.
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Table 1 Rheological characterisation of cv. Andriolo and cv. Bologna flour samples.

SampleFarinograph 
Parameter cv. Bologna cv. Andriolo
WA (%) 59.0 57.5
DDT (min) 3.5 2.0
DS (min) 9.0 3.0
MTI (BU) 0 65
DW (BU) 50 145

SampleAlveograph 
parameter cv. Bologna cv. Andriolo
P (mm H2O) 104.2 ± 4.9 67.1 ± 3.5
L (mm) 38.2 ± 4.1 27.1 ± 1.6
G (mm) 13.8 ± 0.8 11.6 ± 0.3
W (10-4 J) 163.2 ± 8.1 75.0 ± 1.4
P/L 2.8 ± 0.4 2.5 ± 0.3

Farinograph parameters: water absorption – WA (%), dough development time – DDT (min), 
dough stability – DS (min), mixing tolerance index – MTI (BU), dough weakening – DW (BU). 
Alveograph parameters: dough tenacity – P (mm H2O), dough extensibility – L (mm), flour 
strength – W (10-4 J), tenacity to extensibility ratio – P/L.
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Table 2 Experimental kneading operating conditions and specific mechanical energy that 
resulted in the maximum bread specific volume for cv. Andriolo and cv. Bologna flour samples.

Sample
Dough water 

amount* 
(%)

Kneading 
time
(min)

Kneading
speed
(rpm)

Specific 
mechanical 

energy
(kJ/kg)

Bread 
specific 
volume 
(L/kg)

cv. Andriolo 66.0 17.5 100 7.51 3.10

cv. Bologna 71.5 20.0 200 8.14 3.50

* The dough water amount (% - w/flour w)
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Table 3 Kneading operating conditions to obtain an acceptable bread specific volume quality 
(bread specific volume = 3.00 L/kg according to which was defined as a specific volume equal 
or higher than the maximum value of the acceptability range reported by [38] (i.e., 2.50-3.0 
L/kg) Zhou, Therdthai, & Hui, (2014). 

Sample Kneading 
speed
(rpm)

Kneading 
time
(min)

Time 
range
T (min)∆

Dough water 
amount*

(%)

Dough water 
range
W (%)∆

100 7-20 12 62.5-65.0 2.5
150 4-20 16 62.5-65.0 2.5cv. Andriolo
200 4-16 12 60.5-68.0 7.5
100 8-20 12 60.5-71.5 16.0
150 8-20 12 61.0-71.5 15.0cv. Bologna
200 8-20 12 61.5-71.5 14.0

* The dough water amount (% - w/flour w)
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Figure 1. 
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Figure 2. 
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