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ABSTRACT A dilation measurement device for root crops was developed. The device 
directly measures the dilation of root crops under the soil with a contact-type linear 
displacement sensor. The amount of dilation was continuously recorded every 60 minutes 
in the device’s voltage loggers. This device can be installed between plants and it 
operates for about one year without any external power supply. The measurement 
resolution is less than 0.1 mm. To investigate the measurement performance of the 
developed device, the dilation of a tap root of a sugar beet (Beta vulgaris L.) and a potato 
tuber (Solanum tuberosum L.) was measured with the device. The sugar beet was 
measured for 84 days and the potato was measured for 29 days. Experimental results 
showed a small error margin which indicates the possibility of practical applications for 
both the sugar beet and the potato. It was observed that dilation speed increases after 
rainfall and dilation halted at harvest time. It is hypothesized that data obtained from the 
developed device contribute to the clarification of a growth characteristic, allowing a 
highly precise prediction of the yield and the reduction of growth investigation cost. 
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INTRODUCTION Root crops (for example potatoes, sweet potatoes, and sugar beets) 
are some of the most important field crops in Hokkaido. The harvested parts of the root 
crops are generally tubers, tuberous roots, tap roots, and others formed as the result of the 
dilation growth of the subterranean stems and roots under the soil. It is known that the 
development and formation of those subterranean parts and their quantity are influenced 
by factors like day length, temperature, soil temperature, and so forth (Gregory, 1956). 
However, there are still many inquiries about the dilation process. For example, from 
which meteorological conditions is dilation influenced? Are all tubers or tuberous roots 
coming from the same stock enlarge at the same period? These questions have not yet 
been clarified. To clarify these questions, continuous and non-destructive measurement 
method for the growth of the root crops under the soil is necessary. With regards to 
continuous and non-destructive measurement methods for the growth of root crops, there 
are a lot of research reports. For example a minirhizotron method, a method by neutron 
radiography, and acoustic emission (AE) method. Using these methods, the direction of 
the extension and the divergence of a comparatively thin root can be precisely measured 
in a non-destructive manner (Shimotashiro et al., 1998). However, the dilation of root 
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crops cannot be quantitatively measured. In our previous research study, a continuous 
dilation measurement method was formulated for the root crops. Based from this 
measurement method, a measurement device using linear displacement sensors set up 
under the soil was designed (Figure 1). Examining the measurement results using the 
device for sugar beets in a test field for 53 days, the device was able to measure a 22 mm 
change in diameter of the sugar beet tap root with a 0.5 mm error margin. Moreover, as 
for the growth information of root crops measured with the device, the possibility of 
contributing to clarification of the above-mentioned dilation process, improvement of the 
yield prediction, and reduction of the growth survey cost was suggested (Shimazu et al., 
2008). However, for practical use, the device setup requires a larger space for installation 
of the linear sensors and requires an external source for its power supply. In this research, 
a newer and more practical device that addresses the problems of the previous study was 
developed. Additionally, performance measurements were examined for sugar beet and 
potato using the newly developed device in a test fields. In this paper, we show the 
outline of the developed device, the methods and the results of the examinations, and 
evaluation of the applicability of the developed device.  

 

Figure 1. Continuous dilation measurement method designed in previous research 

MATERIALS AND METHODS 

The developed measurement device The newly developed dilation measurement device 
is composed of a main box, a transmission line assembly, and a prop. The main box and 
the transmission line assembly connected with the main box is shown in Figure 2. The 
main box is composed of a linear potentiometer (Balluf Co., Model #T75), two voltage 
loggers (Hioki Co., Model #3635-05), six lithium batteries (3.6 V, 3.3 Ah), and an 
electronic voltage divider circuit board. The mechanical stroke and the electrical stroke of 
the potentiometer were 75mm.  To prevent an error margin that originates from 
temperature change, the input voltage and output voltage of the linear potentiometer are 
recorded with the two loggers and the ratio between the two voltage was used in 
measuring the dilation or displacement. The maximum continuous operating time of the 
batteries in this device lasts for about one year. The transmission line assembly transfers 
the actual dilation of the root crops to the linear potentiometer in the main box. It is 
composed of a hollow metallic tube (2 mm inner diameter) bent in the middle (90°, 
120mm radius of curvature) and a flexible metallic wire (0.9 mm diameter) passed 
through the hollow metallic tube. A cylindrical metal fitting were bonded to the upper tip 
of the metallic wire and a conic metal fitting (that acts as a “contact terminal”) were 
bonded on the bottom tip of the metallic wire. The cylindrical metal fitting is in contact 
with the tip of the moving part of the linear potentiometer in the main box. The contact 
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terminal is placed in contact with the surface of the root crops under the soil. When the 
root crops expand, the contact terminal is pushed sideways causing the metallic wire to 
slide upward. This movement pushes the moving part of the linear potentiometer upward 
also. In contrast, when the root crops shrink, the weight of the moving part of the linear 
potentiometer pushes the metallic wire downward toward the surface of the root crops. 
The displacement of the moving part of the linear potentiometer, either upward or 
downward measures the expanding or shrinkage, hence changes in the diameter of the 
root crops. Measured actual force on the contact terminal to which the weight of the 
moving part of the linear potentiometer pushes the surface of the root crops was about 0.6 
N. The prop joined with the main box is shown in Figure 3. The prop is composed of a 
cylindrical metallic pipe (760 mm length, 28 mm outer diameter). It has a link joint on its 
upper part to join with the main box and four anchor plates at the bottom part to maintain 
its stability above the soil. With the prop, the device is kept standing upright between 
plants for the growth period of the measured crop. To install the device, a circular area 
with a 160 mm diameter for the anchor plates is necessary. 

 

Figure 2. Main box and transmission line assembly components of developed device 
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Figure 3. Prop components and joined main box of developed device 

Investigation of measurement resolution and accuracy The measurement resolution of 
the developed device was investigated before actual performance measurements in a 
field. The method involved applying a slight displacement force on the contact terminal 
using a micrometer and the minimum amount of displacement that the developed device 
is able to measure (that is the measurement resolution of the developed device) was 
investigated. It is reported that stems and fruits of plants shrink during daytime (high 
temperature, low humidity), and expand during night time (low temperature, high 
humidity), and this cycle is repeated daily (Klepper et al., 1971; Link et al., 1998). In our 
previous research study, the cycle of shrinkage and expansion was measured on the tap 
root of the sugar beet under the soil, and it was confirmed that the shrinkage has 
correlation with the meteorological conditions and the crop’s growth stage (Shimazu et 
al., 2008). Therefore, an experiment to investigate the measurement accuracy of the 
device when shrinkage and expansion alternately occurred was conducted. The 
experiments were conducted in a laboratory in Hokkaido University. Room temperature 
in the laboratory was kept constant at 27 °C. First procedure [P1], the contact terminal 
was slowly pushed (as in expansion) from its initial position and for every 0.05 mm 
interval until it reaches 1 mm, voltage logger’s input and output voltages were recorded. 
After reaching 1 mm, the push force applied on the contact terminal was slowly released 
(as in shrinkage), and again the voltage logger’s input and output voltages were recorded 
for every 0.05 mm interval until the contact terminal returns to its initial position. This is 
the second procedure [P2]. For the third procedure [P3], the same method was done as the 
[P1]. Afterward, the recorded voltages (V) were converted into a measured displacement 
(mm) and compared with the actual displacement applied with the micrometer. In this 
conversion, the measured displacement Dm (mm) is given by equation (1), where Vo is the 
output voltage (V), Vi is the input voltage (V) and St is the electrical stroke of the 
potentiometer (mm). 

Dm = St
Vi
Vo

                 (1) 

Measurement experiment for sugar beet Performance measurement was examined for 
sugar beet using the developed device in a test field. Figure 4 showed the actual 
installation setup of the device in this experiment. The experiment was conducted at a 
domestic farm in Makubetsu, Hokkaido, Japan. Sugar beets (Beta vulgaris L., 
Kachimaru) were transplanted on May 10, 2008. Fertilization and pest controlling were 

link joint 

 

cylindrical metallic pipe 

 

anchor plate 

 

prop 

160 mm 



CIGR XVIIth World Congress – Québec City, Canada – June 13-17, 2010 5 

conducted in the traditional way. The measurement period took 84 days (August 8 to 
October 30) in 2008. Dilation measurement was recorded at 60 minute intervals. The 
measurement portion of the tap root where the contact terminal of the device is positioned 
was decided to be 30 mm below the mark of the leaf base of the tap root. As previously 
reported by Shimazu (2010), the portion is where the diameter was found to be averagely 
at its widest. The actual diameter of the tap root was measured with a vernier caliper 
before and after the continuous measurement period. The measurement was then 
compared with the measurement taken from the developed device. In this experiment, 
only two measurements on the actual diameter were measured. Performing several actual 
measurements requires too much soil movement around the root crop being investigated 
which may interfere with the device’s measurement. However, using only two actual 
diameters are not enough to confirm the device’s measurement accuracy of the dilation 
process. Therefore, by comparing with meteorological data, responses of the measured 
diameter to changes in the meteorological conditions were confirmed, and the 
measurement accuracy of the dilation process was determined. Meteorological data on 
precipitation was chosen since it strongly influences the dilation process. Precipitation 
was observed by Hokkaido Regional Development Bureau at Mikawa precipitation 
station (in Makubetsu, Hokkaido). Sampling interval of precipitation was 60 minutes.  

     

(Left) Figure 4. Installation setup of device measuring tap root dilation of sugar beet 

(Right) Figure 5. Installation setup of device measuring potato tuber dilation  

Measurement experiment for potato Performance measurement was examined for 
potato tuber using the developed device in a test field. Figure 5 showed the actual 
installation setup of the device measuring the dilation of the tuber of the potato. The 
experiment was conducted at the Hokkaido University Experimental Farm, Sapporo, 
Hokkaido, Japan. Potatoes (Solanum tuberosum L., Irish Cobbler) were planted in a soil 
bin made of poly-ethylene material (200L capacity) on May 5, 2009. Fertilization and 
pesticide broadcasting was conducted in the traditional way. Measurement period took 29 
days (August 18 to September 15) in 2009. Measurement was recorded at 60 minute 
intervals. A comparatively young and small potato tuber that was expected to grow 
largely in the future was chosen as the candidate for measurement. The measurement 
portion of the potato tuber was decided at the apex of the tuber, and a diameter between 
the tuber apex and the stem base was measured. This is due to the fact that the diameter 
between the tuber apex and the stem base increases more than any other part of the tuber 
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as it elongates during its growth (Okazawa et al., 1981). The actual diameter of the tuber 
was measured with a vernier caliper before and after the continuous measurement period. 
The measurement was compared with the measurement taken from the developed device. 
In this experiment, as well as the previous experiment for the sugar beet, by comparing 
with precipitation, the measurement accuracy of the dilation process was determined. 
Precipitation was observed by Japan Meteorological Agency at Sapporo meteorological 
observatory (in Sapporo, Hokkaido). Sampling interval of precipitation was 60 minutes. 

RESULT AND DISCUSSION  

Measurement resolution and accuracy The actual displacement applied with the 
micrometer and the measured displacement value using the developed device are shown 
in Figure 6. In the [P1], the measured value had changed at about the same rate as the 
actual displacement. The difference between the measured value and the actual 
displacement (this is the measurement error margin) was less than 0.1mm. The 
measurement resolution of the developed device was 0.05 or 0.1 mm. In the [P2], the 
measured value didn’t change until the actual applied displacement approached about 0.5 
mm. Since the applied displacement reached about 0.5 mm, the measured value had 
changed at about the same rate as the actual displacement. The error margin at the end of 
the [P2] was about 0.5 mm. The measurement resolution was still 0.05 or 0.1 mm. In the 
[P3], similar to the [P2], the measured value didn’t change until the actual displacement 
approached about 0.5 mm. Since the actual displacement reached about 0.5 mm, the 
measured value had changed at about the same rate as the actual displacement. The error 
margin at the end of the [P3] was less than 0.1 mm, approximate value of the [P1].  

To summarize, the measurement resolution of the device is less than 0.1 mm, and the 
measurement error is extremely small, less than 0.1 mm, when the measured crop keep 
expanding. However, when the expansion reverts to shrinkage, less than 0.5 mm 
displacement of the measured crop might not be measured. As a result, 0.5 mm or less 
error margin might be introduced. It is speculated that the most main factor causing the 
error is the backlash in the transmission line assembly. When the transmission line 
assembly was designed and developed, about 1.1 mm space was made between the 
metallic wire (0.9mm diameter) and the hollow metallic tube (2.0 mm inner diameter). 
This space is necessary to reduce the friction and obtain a smooth sliding between the 
wire and the tube. However, the backlash seemed to occur in this space absorbing about 
the 0.5 mm displacements when the expansion changes into shrinkage. Therefore, the 
error margin can possibly be reduced when the backlash is removed. The backlash would 
be removed when the space between the wire and the tube is reduced. However, as a 
result, sliding between the wire and the tube is expected to become rougher. It is expected 
to cause the deterioration of the accuracy and resolution. Therefore, to reduce the error 
margin, the development into a new transmission line assembly that the backlash is small 
and the wire and the tube slide smoothly was necessary. 
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Figure 6. Actual displacement and measured displacement using developed device 

Measurement accuracy and applicability for sugar beet The measured and actual 
diameter of the sugar beet’s tap root and the precipitation readings are shown in Figure 7. 
The loss of the measurement data from August 26 to 28 was due to operator’s mistake 
rather than originating from the performance of the device. The actual increase in 
diameter within 84 days was 28.3 mm. On the other hand, the amount of increase in the 
root diameter measured with the developed device was 27.7 mm. The error margin 
between the actual and the measured diameter was 0.6 mm. The percentage error to the 
amount of the increase of the actual diameter is about 2 %. Through the dilation 
measurement of 84 days, no wound or growth obstruction was observed on the surface of 
the tap root. Moreover, neither breakdown nor deterioration in the device was observed. 
Comparing the measured diameter with precipitation, the rapid increase of the diameter 
was observed after precipitations in August and September. However, on October, the 
measured diameter hardly changed, and the rapid increase of the diameter was either 
hardly observed. Based on these results, it is described that the error margin caused in this 
experiment is extremely small, and clear responses to the meteorological condition was 
observed in the measured dilation process. Therefore, the developed device may 
contribute to the clarification of the dilation growth process of sugar beets or other tap 
root crops. Moreover, the expansion of the tap root relative to rainfall and the termination 
of dilation at the end of the growth stage were confirmed, so it was expected that the 
device contributes improved prediction of yields and harvest time.  

The change in the measured diameter of the sugar beet root in 5 days is shown in Figure 
8. The measured diameter expanded from about 0000h to about 1000h, and the expansion 
was stopped from about 1000h to 0000h, and this cycle was repeated daily. This result is 
different from the result of the previous research study that is the measured root diameter 
expanded from about 1500h to 1000h, and shrank from about 1000h to 1500h (Shimazu 
et al., 2008). The factor of the difference is speculated to be the error margin caused by 
the backlash described in the previous paragraph (3.1). The tap root seems to shrink from 
about 1000h to 1500h, and expanded from about 1500h to 0000h a little more than the 
amount of the shrinkage. However the shrinkage and expansion were not measured 
accurately because of the error margin originating from the backlash. This error is not 
obstacles for the dilation measurement of sugar beets when the developed device is used 
for measurement at long intervals like several days. However, when the device is used at 
short interval like several hours, it is necessary to reduce the error by the development 
into a new transmission line assembly.  
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Figure 7. Measured and actual diameter of sugar beet root and precipitation 
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Figure 8. Change in measured diameter of sugar beet root in 5 days 

Measurement accuracy and applicability for potato The measured and actual diameter 
of the potato tuber and the precipitation readings are shown in Figure 9. The actual 
increase in diameter within 29 days was 13 mm. On the other hand, the increase in 
measured diameter was 14.7 mm. The error margin between the actual and the measured 
diameter was 1.7 mm. The percentage error of the actual diameter was about 13 %. 
Throughout the dilation measurement of 29 days, no wound or growth obstruction was 
observed on the surface of the tap root. Moreover, neither breakdown nor deterioration in 
the device was observed. Comparing the measured diameter with precipitation, besides 
the rapid expansion of the tuber after precipitation, the dilation speed increased for 
several days after a heavy precipitation on August 24. After that, dilation stopped almost 
with withering of the ground foliage part on August 30. Based on these results, it is 
described that clear responses to the meteorological condition and the growth stage was 
observed in the measured dilation process. Therefore, it was suggested that the developed 
device is expected to contribute to the clarification of the dilation growth process of 
potato tubers. However, a little larger error margin was determined compared the result of 
sugar beet. Some factors are thought as a factor with the possibility to cause the error 
margin. However, the factors are not definable from this experimental result.  

The change in the measured diameter of the potato tuber in 5 days from August 19 to 
August 23 is shown in Figure 10. The measured diameter expanded from about 0000h to 
0800h, and the expansion was stagnant from 0800h to 0000h. Clear shrinkages were 
hardly confirmed. Stark and Halderson (1987) reported that potato tubers follow a diurnal 
pattern of expansion and shrinkage. Also in the measurement for the potato tube, 
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shrinkage was not measured clearly. Similar to the measurement for the sugar beet, the 
factor of the error is speculated to be the error margin caused by the backlash. This error 
is not obstacles for the dilation measurement of potato tubers when the developed device 
is used for measurement at long intervals like several days. However, when the device is 
used at short interval like several hours, it is necessary to reduce the error by the 
development into a new transmission line assembly. 
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Figure 9. Measured and actual diameter of potato tuber and precipitation 
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Figure 10. Change in measured diameter of potato tuber in 5 days 

CONCLUSION A dilation measurement device for root crops was developed. The 
device measures the diameter change of crops under the soil continuously and non-
destructively. The measurement resolution of the device is less than 0.1 mm. The error 
margin is less than 0.1 mm when the measured crops keep expanding simply, and, when 
the measured crops shrinks, less than 0.5 mm error margin might be caused. Both error 
margins hardly obstruct the dilation measurements of root crops for long interval 
measurements more than several days. Performance measurement was examined for 
sugar beet root (84 days) and potato tuber (29 days) using the developed device on the 
test fields. As a result, the root diameter of the sugar beet was measured with little error 
margin. The accuracy for the potato tuber measurement was lower than the result of sugar 
beet, however, an improvement can be expected by examining proper measurement 
portion of the tuber. In the both results of the sugar beet and the potato, increase of the 
dilation speed after rain fall and stoppage of the dilation at the end of growth stage were 
observed. Moreover, no wound or growth obstruction was observed on the surface of the 
root crops. Therefore, it is expected that the data measured with the developed device 
contributes to the clarification of a growth characteristic, allowing a highly precise 
prediction of the yield and a proper harvest time in the future. 
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