
Journal on Processing and Energy in Agriculture 15 (2011) 2 59 

Biblid: 1821-4487 (2011) 15; 2; p.59-62 Original Scientific Paper 
UDK: 338.43:658.2:635.13 Originalni naučni rad 
 

INTERACTION BETWEEN CARROT ROOT DIMENSIONS AND  
PUNCTURE FORCE 

UTICAJ DIMENZIJA ZADEBLJALOG KORENA MRKVE NA SILU 
PRODIRANJA 

Anđelko BAJKIN, Ondrej PONJIČAN, Mirko BABIĆ, Dragi RADOMIROVIĆ, Nebojša DEDOVIĆ, Milivoj RADOJČIN 
Faculty of Agriculture, 21000 Novi Sad, Trg Dositeja Obradovića 8, Serbia 

e-mail:bajkin@polj.uns.ac.rs 

ABSTRACT 
The aim of this research was to determine quantitatively carrot root mass and dimensions depending on the cultivation type (flat 

ground and ridge), as well as to determine the differences in the root texture by measuring the puncture force in xylem and phloem. 
Due to higher coefficient of variation and statistically significantly higher values of maximum diameter and xylem diameter, lower 
quality of carrot root dimensions was determined on flat ground. Puncture force measuring was conducted by TMS-PRO instrument 
(Food technology) having the cylindrical punch  diameter of 6 mm. Statistically significant differences in the puncture force between 
xylem and phloem were determined for maximum and average values of puncture force, as well as for the slope of puncture curve, for 
both types of cultivation. No significant differences in the yield point were determined between xylem and phloem. By testing the de-
pendence between carrot root shape and mass, with regard to the puncture force, the highest interdependence was determined by co-
efficient of simple regression for critical puncture points in phloem.    
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REZIME  
Zadatak istraživanja bilo je kvantitativno određivanje dimenzija i mase korena mrkve u zavisnosti od načina kultivacije (ravno 

zemljište i mini gredice) i određivanje razlika u teksturi korena merenjem sile prodiranja na ksilemu i floemu. Oblik zadebljalog ko-
rena mrkve određen je merenjem maksimalnog prečnika korena, prečnika ksilema i dužine korena. Takođe je merena i masa 
zadebljalog korena. Na ravnom zemljištu zbog više vrednosti koeficijenta varijacije i statistički značajno viših vrednosti za maksi-
malni prečnik i prečnik ksilema, utvrđen je niži kvalitet zadebljalog korena mrkve. Za merenje sile prodiranja korišćen je merni 
instrument TMS-PRO (Food technology), sa prečnikom probojca 6 mm. Za svaki koren na mestu maksimalnog prečnika izveden je 
puncture test na tri merna mesta: bočno i na poprečnom preseku na mestu ksilema i floema. Na krivi zavisnosti između sile 
prodiranja i pređenog puta, utvrđene kritične tačke: "yiedl point", maksimalna i srednja vrednost sile prodiranja za pređeni put od 
10 mm. Statistički značajne razlike u sili prodiranja između ksilema i floema utvrđene su za maskimalne i srednje vrednosti sile 
prodiranja, kao i za nagib krive prodiranja za oba načina kultivacije. Između ksilema i floema nisu utvrđene statistički značajne 
razlike u tački yield point. Testiranjem zavisnosti između oblika i mase zadebljalog korena u odnosu na silu prodiranja, pomoću 
koeficijenata proste regresije, najviša međuzavisnost utvrđena je za kritične tačke prodiranja na floemu. 

Ključne reči: sila prodiranja, mrkva, prečnik korena, floem, ksilem. 
 

INTRODUCTION 
Ridge cultivations in Europe are mostly used in the produc-

tion of potato, asparagus and carrot, but recently, some experi-
ments have been conducted in the production of sugar beet, as 
well (Krause et al., 2009). Formation of ridge cultivations has 
had positive effect on the carrot root yield with respect to a flat 
ground, resulting in a statistically significantly increased length 
by 31.3%, and smaller diameter which was reduced by 12.5%. 
Ridge cultivations require the additional 414 kWh/ha (Ponjičan, 
2009). During the carrot production in Africa, the presence of 
high correlation between yield and soil physical properties, and 
low correlation between yield and soil chemical composition  
were determined (Ogbobo et al., 2010). 

By measuring the compression force (50% of the reduction 
in thickness), sample having the dimensions of 15 x 15 x 10 mm 
and 100 g to measuring extrusion force. Compactness and firm-
ness of carrot root texture were evaluated when carrot was fresh 
and during its hydrothermal treatment (Borowska et al., 2004). 
The obtained results are important for practical purpose that is 
for future designing of the machines used for carrot additional 
processing. 

Structural and textural characteristics of fruit and vegetable 
depend on the components of wall cells and their compactness 
(Sila et al., 2006). Textures of fresh, cooked and dehydrated car-
rots were determined by measuring the maximum puncture force 
by puncture test which involves application of cylindrical punch 
with diameter of 2 mm, at the speed of 1 mm/s and puncture 
depth of 2.5 mm (Brown et al., 2008). The differences in texture 

between carrot root xylem and phloem, which influence the dif-
ferences in texture were given (Llorka et al., 2001). 

The instruments measure physical and not sensory character-
istics. There are several important reasons for measuring physi-
cal characteristics of food, such as: engineering process design, 
determination of structure and texture. Texture has generally 
been considered as sensory feature, since only people can meas-
ure textural characteristics of food. Firm materials, such as ap-
ples or carrots, have highest correlation between sensory firm-
ness and puncture test (Bourne, 2002). 

The aim of this research was quantitative determination of 
carrot root mass and dimensions, depending on the cultivation 
type (flat and ridge cultivation), and identification of differences 
in the root texture by measuring the puncture force in xylem and 
phloem. 

Nomenclature 
F (N)   – puncture force, 
F/l (N/mm)  – inclination of puncture curve, 
D (mm)   – diameter of carrot root, 
L (mm)  – length of carrot root, 
M (g)   – carrot root mass, 
x   – arithmetic average, 
σ   – standard deviation, 
cv  – coefficient of variation 
r  – coefficient of simple correlation. 
Subscripts 
S  – sideways, 
X  – xylem, 
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P  – phloem, 
yp   – yield point, 
max   – maximum value, 
av   – average value. 

MATERIAL AND METHOD 
The laboratory measuring of fresh carrot roots that were pro-

duced on flat ground and ridge cultivations was carried out in 
Begeč, (45.15°N, 19.34°E), Vojvodina (Northern part of the Re-
public of Serbia). Sowing of Maestro F1 carrot hybrid was per-
formed in July, and the harvesting of thickened root in Novem-
ber 2010. Carrot sample taking was carried out randomly. Meas-
uring of carrot root mass and dimensions, as well as the puncture 
force, was conducted in the laboratory conditions of the Labora-
tory for biosystem engineering at the Faculty of Agriculture in 
Novi Sad.  Dimensions were measured by movable measuring 
device with the accuracy of 0.1 mm, while the mass was meas-
ured by electronic scale with the accuracy of 0.01 g. The follow-
ing physical characteristics of carrot root were measured (Poni-
čan et al., 2004; Babić et al., 2007; Ponjičan et al., 2009): 
length (L); maximum diameter (Dmax); xylem diameter (Dx) and 
root mass (M), as the carrot root quality indicator (EU No 
730/99). In order to achieve more precise determination of the 
carrot root quality, the root texture was measured by puncture 
test (Bourne, 2002) that involves the use of measuring device 
TMS-PRO Food technology corporation (www.food tech-
corp.com). The puncture test was conducted by cylindrical 
punch that was 6 mm in diameter, with the speed of 30 mm/min 
and total measuring depth of 10 mm. The puncture test was per-
formed for each root at the point of maximum diameter at three 
measuring places: sideways and at the cross section of xylem 
and phloem. The curve of dependence between puncture force 
and measured depth identified the following specific points: 
’’yield point“ (Fyp), maximum (Fmax) and average value (Fav) of 
puncture force for the measured depth of 10 mm. Finally, the 
slope of puncture curve was calculated (F/l), (Alvo et al., 2004). 
The obtained data was processed by Statistica 9 software pack-
age. Testing the arithmetic average of carrot root mass and di-
mensions, as well as the critical points of puncture force, was 
conducted by F-test analysis of variance, Duncan´s multiple 
range test and t-test. The same letter used for tested values repre-
sents statistically equal value. Consistency of root dimensions 
was determined by coefficient of variation. Interdependence and 
influence of carrot root dimensions on the puncture force was 
determined according to the simple correlation coefficients (Li, 
1975). All the tests were performed for the threshold of signifi-
cance of 5%. 

RESULTS AND DISCUSSION 
The influence of soil cultivation on carrot 
root mass and dimension 
Maestro F1 carrot hybrid was sown in July and harvested in 

October, 2010. Sowing was performed later due to the unfavor-
able weather conditions (rainy period), which further influenced 
the yield and physical characteristics of the carrot root. The yield 
of 39.93 t/ha, with dry matter percentage of 10.54 %, was pro-
duced on the flat ground, while the yield of 53.22 t/ha, with dry 
matter of 9.98%, was produced by ridge cultivation. Large dif-
ference in yield was influenced by the number of plants (Ponji-
čan, 2009). Ridge cultivation produced more plants which was a 
consequence of quality presowing soil preparation (Bajkin et al., 
2010). Applied type of soil cultivation influenced the carrot root 
dimensions (Table 1). 

Statistically, considerably higher values of maximum diame-
ter (Dmax = 30.82 mm) and xylem diameter (Dx = 11.7 mm) were 
determined on flat ground in comparison to the ridge cultivation 

(Dmax = 25.91 mm; Dx = 9.50 mm). Depending on the cultivation 
type, statistically significant differences in dimension (L) and 
mass (M) of carrot root were not determined. Equal length of 
root (L) was achieved due to late sowing and lower average 
daily temperatures.  

 

Table 1. Carrot root mass and dimension depending on the 
cultivation type  

 

Cultivation Parameter L (mm) Dmax (mm) Dx (mm) M (g)
x 130.23 a* 30.82 a 11.77 a 76.63 a
σ 33.96 4.95 2.49 37.28Flat 
cv 26.08 16.07 21.12 48.65
x 137.73 a 25.91 b 9.50 b 59.54 a
σ 19.50 3.73 1.63 23.61Ridge 
cv 14.16 14.39 17.11 39.66

* testing was conducted by t-test with the threshold of signifi-
cance of 5% 
 

Soil temperature represents one of the crucial factors affect-
ing the root yield (Lazić et al., 2001; Krause et al., 2009). Be-
sides the dimensions (L and Dmax), root consistencies (EU No 
730/99) also influenced the quality of carrot root. Lower values 
of standard deviation (σ) and coefficient of variation (cv) were 
determined for the observed parameters (dimension and root 
mass) in ridge cultivation, which resulted in higher level of con-
sistency between carrot roots. Statistically higher yield with 
lower value of Dmax and Dx , and more consistent root per dimen-
sion and mass, was realized in ridge cultivation which resulted in 
higher market value of carrot root. 

Puncture force depending on the measuring 
place and soil cultivation type  
Quantitative carrot root texture was determined by measur-

ing the puncture force of cylindrical punch at the measuring 
places: sideways, xylem and phloem. The following specific 
points were determined on the dependence curve between the 
puncture force and measured depth: "yield point" (Fyp), maxi-
mum (Fmax) and average value (Fav) of puncture force for the 
measured depth of 10 mm, and slope of puncture curve (F/l), 
(Table 2).  
 

Table 2. Specific points and slopr of puncture curve depend-
ing on the measuring place and soil cultivation type 

Measuring 
place 

Cultiva-
tion 

Fyp  
(N) 

Fmax  
(N) 

Fav  
(N) 

F/l  
(N/mm) 

Flat 70.85 ab 76.08 bc 56.76 b 30.87 a 
Ridge 74.00 a 77.79 ab 59.00 ab 31.78 a Sideways 

(S)  72.43 A 76.93 А 57.88 A 31.32 A 
Flat 67.31 b 72.95 c 56.26 b 30.17 a 

Ridge 68.03 b 80.25 a 62.42 a 32.47 a Xylem  
(X)  67.67 B 76.60 А 59.34 A 31.32 A 

Flat 66.21 b 66.14 d 47.34 c 27.36 b 
Ridge 65.85 b 67.61 d 45.25 c 26.84 b Phloem 

(P)  66.03 B 66.87 B 46.30 B 27.10 B 
Flat 68.12 (a) 71.72 (b) 53.45 (a) 29.29 (a) Average Ridge 69.29 (a) 75.22 (a) 55.56 (a) 30.54 (a) 

 

While the puncture was performed sideways, statistically 
higher value (FSyp = 72.43 N) was determined for critical point 
"yield point" in comparison to the force measured at the place of 
puncturing through xylem (FXyp = 67.67 N) and through phloem 
(FPyp = 66.03 N). The highest value of maximum puncture force 
was measured sideways (FSmax = 76.93 N) and in xylem (FKmax = 
76.6 N), and statistically lower value was measured in phloem 
(FPmax = 66.87 N). The highest average puncture force was 
measured in xylem (FXav = 59.34 N) and sideways (FSav = 57.88 
N), but statistically lower value was obtained in phloem (FPav = 
46.30 N). The change of measuring place had equal dependences 
of maximum and average values of puncture force. (Table 2). 
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For all three tested measuring places, the puncture curve was 
linear at the beginning. While the puncturing was performed 
sideways by prod, the puncture point ''yield point'' was clearly 
expressed, after which the value remained quiet constant (B-
type); "yield point" could be hardly observed in xylem because 
puncture force continued to increase but with lowered intensity 
(D-type); after the occurrence of "yield point" in phloem, the 
value of puncture force decreased (C-type). Specific types of 
puncture curves were mentioned by Bourne (2002). The differ-
ences in puncture curves represent the consequence of the differ-
ences in the structure of carrot root xylem and phloem. It was 
also concluded that the change in direction of puncture force 
(sideways or in xylem and phloem) had statistically significant 
influence (Table 2).  

Generally, slope of puncture curve represents an adequate 
and reliable parameter for the assessment of structure of agricul-
tural materials which are most often heterogeneous (Alvo et al., 
2004). Equal value (F/lS = F/lX = 31.32 N/mm) was measured 
sideways and in xylem, and statistically lower value was meas-
ured in phloem (F/lS = 27.10 N/mm). By measuring the slope of 
puncture curve, it was determined that the dependencies were 
equal as during the measuring of maximum (Fmax) and average 
(Fav) puncture force. The lowest value of puncture force and 
slope of the curve was determined in the phloem, which implies 
that phloem is the part of the root with more delicate texture in 
comparison to xylem. The lower values of puncture force of 
punch and cylinder, and force of phloem cutting in comparison 

to carrot xylem, in the period of 60 days, were observed by 
Llorka et al., (2001). 

Depending on the soil cultivation type and by measuring 
only the maximum and average puncture force in xylem, statisti-
cally higher values were obtained with ridge cultivation. Statisti-
cally higher values of puncture force in xylem were the conse-
quence of cylindrical punch puncturing in the zone of high con-
centration of transporting vessels and cellulose fibers (Knoche et 
al., 2001), due to smaller diameter of xylem (Table 1). After 
overall observation of all three measuring places on carrot root, 
statistically significant differences in puncture force were deter-
mined only for maximum value of puncture force (Fmax). Equally 
measured values of "yield point", average values of puncture 
force and slope of the puncture force represented the conse-
quence of late production. Determining the influence of forma-
tion of ridge cultivation during spring sowing and harvesting in 
summer months would be of special interest for the future re-
search.  

Coefficient of correlation between dimension 
and puncture force 
High and statistically significant values of coefficient of cor-

relation (r) were determined for the carrot root dimensions (L; 
Dmax and Dx). That coefficient was within the limit of 0.59-0.71 
on flat ground and 0.62-0.72 in ridge cultivation (Table 3).  

 

Table 3. Coefficient of correlation between carrot root dimensions, mass and puncture force depending on the soil cultivation type  
  

  Dmax (mm) Dx 
(mm) 

M 
(g) 

FSyp 
(N) 

FSmax 
(N) 

FSav  
(N) 

FXyp 
(N) 

FXmax 
(N) 

FXav  
(N) 

FPyp  
(N) 

FPmax  
(N) 

FPav 
(N) 

F/lS 
(N/mm) 

F/lX 
(N/mm)

F/lP 
(N/mm)

L 0.59* 0.61 0.84 -0.08 0.28 0.39 0.11 0.14 0.00 0.57 0.51 0.42 0.06 -0.12 0.30 
Dmax  0.71 0.86 -0.09 -0.07 -0.10 0.34 0.44 0.37 0.46 0.45 0.62 -0.13 -0.04 0.37 
Dx   0.67 -0.13 -0.12 0.16 0.21 0.15 0.21 0.58 0.50 0.52 -0.21 -0.12 0.45 
M    -0.23 0.14 0.13 0.09 0.21 0.15 0.41 0.37 0.56 0.06 -0.15 0.22 
FSyp     0.27 0.16 0.46 0.50 0.15 0.33 0.25 -0.03 -0.07 0.37 0.36 
FSmax      0.38 0.21 0.23 0.00 0.11 -0.11 -0.29 0.35 0.21 -0.20 
FSav       0.02 0.05 0.01 0.31 0.15 0.06 0.31 0.43 0.16 
FXyp        0.82 0.55 0.43 0.41 -0.05 -0.15 0.51 0.41 
FXmax         0.59 0.42 0.50 0.19 -0.03 0.61 0.42 
FXav          0.04 0.08 0.17 0.02 0.58 0.28 
FPyp           0.90 0.41 -0.12 0.20 0.70 
FPmax            0.52 -0.10 0.19 0.69 
FPav             -0.13 -0.08 0.50 
F/lS              0.35 -0.07 

Fl
at

 

F/lX               0.34 
L 0.68 0.67 0.86 0.04 0.31 0.28 0.09 0.30 0.14 0.32 0.39 0.47 0.03 0.27 0.11 
Dmax  0.72 0.91 -0.16 0.17 0.03 0.02 0.04 -0.11 0.13 0.12 0.17 -0.12 0.17 -0.22 
Dx   0.72 -0.04 0.29 0.30 0.09 0.27 0.14 0.45 0.46 0.20 -0.02 0.31 0.11 
M    -0.13 0.18 0.15 0.15 0.23 0.04 0.16 0.17 0.30 -0.15 0.22 -0.14 
FSyp     0.73 0.59 -0.15 0.33 0.29 0.22 0.27 0.48 0.23 0.11 0.29 
FSmax      0.83 -0.10 0.58 0.55 0.25 0.43 0.39 0.50 0.36 0.27 
FSav       0.00 0.67 0.65 0.27 0.46 0.45 0.37 0.25 0.44 
FXyp        0.52 0.47 0.29 0.29 -0.04 -0.16 0.45 0.23 
FXmax         0.84 0.30 0.45 0.19 0.08 0.48 0.34 
FXav          0.37 0.52 0.27 0.27 0.55 0.34 
FPyp           0.92 0.40 0.20 0.37 0.58 
FPmax            0.46 0.25 0.40 0.66 
FPav             0.25 0.16 0.30 
F/lS              0.33 0.13 

R
id

ge
 

F/lX               0.34 
• statistically significant values of coefficient correlation with the threshold of significance of 5% are bolded  
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High correlation between root mass (M) and dimension was 
also determined and it was 0.67-0.86 on flat ground and 0.72-
0.91 in ridge cultivation. Tewatia et al., (2000) also determined 
positive and statistically significant correlation between L and M 
of carrot root during the analysis of different sowing days and 
number of plants per unit of area. Genetic variability, correlation 
coefficient and path analysis in carrot were stated by Yadav et 
al., (2009). The strong positive correlation was found in root to 
shoot ratio, root weight and yield. Root weight showed maxi-
mum direct effect on yield. 

The highest statistically significant influence of carrot root 
masses and dimensions on puncture force was measured in 
phloem (FPyp = 0.46-0.58 N; FPmax = 0.45-0.51 and FPav = 0.52-
0.62) on flat ground and in phloem (FPyp = 0.45 N; FPmax = 0.46 
and FPav = 0.47) in ridge cultivation. Statistically significant cor-
relation between Dmax and FXmax (0.44) was established on flat 
ground, and between Dx and slope of curve F/lP on phloem 
(0.45). The highest interdependence for both cultivation types 
was determined between the puncture force in phloem and carrot 
root mass and dimension. The low interdependence was deter-
mined for puncture curve.  

The interdependences shown in Table 3 were determined by 
analysis of puncture force at different measuring places (side-
ways, in xylem and phloem) for the observed key points ("yield 
point", maximum and average value). The highest values of cor-
relation coefficient were established at the same measuring place 
for the observed specific points (FX = 0.55-0.82 and FP = 0.52-
0.90) on flat ground and (FS = 0.59-0.83; FX = 0.47-0.84 and FP 
= 0.46-0.92) in ridge cultivation. 

Statistically significant values of correlation coefficient were 
determined at certain measuring places. Correlation coefficient 
between FS and FX (0.46-0.50), and FX and FP (0.42-0.50) was 
determined on the flat ground, while between FS and FX (0.55-
0.67), FS and FP (0.43-0.48) and FX and FP (0.45-0.52) was de-
termined in ridge cultivation.  

By comparison of key points on the puncture curve and slope 
of puncture curve, the highest values of correlation coefficient 
were also determined at the same measuring place. On the flat 
ground, for xylem and phloem those values were (F/lX = 0.51-
0.61) and (F/lP = 0.50-0.70), respectively, while in ridge cultiva-
tion, those values were for sideways (F/lS = 0.50), xylem (F/lK = 
0.45-0.55) and phloem (F/lP = 0.58-0.66). There was no statisti-
cally significant correlation between the inclinations of curves.   

CONCLUSION 
Ridge cultivation provided statistically significantly higher 

yield with lower values of Dmax and Dx, and more consistent car-
rot root mass and dimensions, which resulted in higher market 
value of carrot roots produced by ridge cultivation in comparison 
to those produced on the flat ground. Measuring of the puncture 
force showed statistically lower maximum and average values, 
as well as the slope of puncture curve for phloem, in comparison 
to the measuring conducted for xylem. Statistically significant 
differences in most of the puncture force tests were not deter-
mined for different types of cultivation. High values of coeffi-
cient of correlation between dimensions and carrot root mass and 
dimensions were determined. The highest level of interdepend-
ence was observed between carrot root mass, dimensions and 
puncture force in the phloem. Characteristic values of puncture 
force ("yield point", maximum, average and curve slope values) 
had highest correlation coefficient at the same measuring place 
(sideways, xylem, phloem). 
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