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Abstract: Diameter at breast height (DBH) is the main metric for standing tree growth measure-

ments. Developing fast and efficient measurement devices for measuring DBH is of great values in 

forest resource surveys. In this paper, we propose a new tree diameter measurement instrument 

developed using self-reset displacement sensor, which is equipped with a Personal Computer (PC) 

terminal to enable the measurement, transmission, storage, and analysis of tree diameters in one. 

The measurements showed an overall bias of 1.44% and an accuracy of 97.35% compared to the 

caliper, a conventional diameter measuring instrument. The overall bias was −0.52% compared to 

the diameter tape, and the measurement accuracy was 98.43%. Compared to the conventional de-

vices, the proposed device is small and easy to carry, the measurement efficiency is significantly 

improved, and the measurement data can be directly derived for analysis. Compared with related 

electronic measuring instruments, this proposed device has the advantages of small volume, easy 

operation, large measurement range, and wider applicability. 
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1. Introduction 

Diameter at breast height (DBH) of trees is an important indicator of forest ecological 

investigation and forest resource research, and how to accurately and efficiently obtain it 

has always been the demand of relevant investigators and researchers [1,2]. Traditional 

tree DBH measurement generally use a wheel ruler, diameter tape and caliper, and other 

tools for measurement [3,4]. The high labor intensity, high labor cost, error-prone and 

inefficient manual reading and recording of data throughout the measurement process 

severely limit the efficiency and quality of the related survey work. Improving the effi-

ciency and quality of DBH data collection has become an important topic of forest ecology 

and forest resource digital research [5–7]. 

Following the advances in electronic devices, in recent years, scholars from various 

countries have attempted to measure the DBH of trees in various ways, with different 

results [8–12]. Ye et al. and Beland et al. used terrestrial laser scanning (TLS) to do ground 

laser scanning and used different methods to estimate the DBH of trees [13–18]. Cheng et 

al. extracted the DBH value of trees through laser spot combined with machine vision 

[19]. Wu and Zhou et al. used mobile phone photos to calculate the DBH value of trees 

based on monocular vision depth [20,21]. Yu and Zhao et al. used the total station to meas-

ure tree parameters by combining internal and external work [22,23]. He and Jia et al. used 

unmanned aerial vehicle (UAV) remote sensing images to estimate the DBH parameters 

of trees [24], etc. However, all the aforementioned devices require expertise and methods 

to process the obtained data, which are difficult to generalize and apply due to poor prac-

ticality and generality, high cost of use, inconvenience of carrying them. The MD II type 
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electronic diameter gauge [25], U.S. RD 1000 type rapidity tree gauge, and Swedish elec-

tronic tape gauge are expensive, complicated to operate, and require professional training. 

It would be thus difficult to promote their uses widely. Sun et al. developed an electronic 

caliper based on a capacitive sensor and the traditional caliper [26]. Yuan et al. developed 

a new three-section tree DBH measurement device based on an angle sensor [27]. How-

ever, these devices failed to perform well in dense forests and humid environments and 

did not fundamentally address the short range and poor portability of traditional calipers. 

In view of the above-mentioned issues of the existing devices, in order to achieve fast 

and accurate measurements of standing tree DBH, and to satisfy the requirements of con-

venient portability and strong applicability, a new standing tree DBH measurement de-

vice based on self-reset displacement sensors and simple computational methods has been 

developed in this study. The device is highly operationally efficient, adaptable, easy to 

carry, and can meet different DBH measurements for various tree species. It is equipped 

with PC software to enable the integration of tree measurement, uploading, and storage 

of DBH to meet the needs of forest ecology and forest resource inventories. 

2. Device and System Design 

2.1. Electromechanical Structure Design 

The main idea of the device is to make it more convenient and comfortable for for-

estry personnel to measure DBH in the forest. The mechanical structure of the new tree 

DBH measurement apparatus is shown in Figure 1, and consists mainly of a self-reset 

displacement sensor, two contacts, and a host box. The console consists of two parts, with 

an OLED display, membrane buttons, switches, charging, and data exchange interfaces 

on the exterior. It comes with a printed circuit board (PCB) motherboard, self-reset dis-

placement sensor, lithium battery, etc. The two external contacts are detachable and can 

be disassembled and adjusted in non-working conditions. The size of the entire device 

was compared to the day-to-day usage specifications of mobile phones, and the measure-

ment personnel felt positively, noting that it was easy to carry. 

 

Figure 1. Mechanical structure diagram of the new standing wood DBH measuring instrument. 

2.2. Circuit Design 

Circuit design mainly starts from the complexity of the forest, taking into account the 

dark conditions of the forest and the variability of the environment. It must be ensured 

that the device has some waterproofing capability, but is also suitable for different tem-

perature conditions, while additionally satisfying the collection of a large number of 



Forests 2023, 14, 192 3 of 12 
 

 

different tree measure factors. A schematic of the circuit structure of the device is shown 

in Figure 2, which consists of the main control module, voltage transformer module, data 

input module, real-time interaction module, and other modules. The main control module 

is responsible for the overall control of the device and includes the processor STC15 series 

STC15W4K56S4 microcontroller. The memory comes with an SD card that can store data 

in real time to prevent data loss. Forestry investigators do not need to be distracted during 

measurements to record data, which can be recorded in real time and viewed whenever 

needed. 

When the survey is complete, the data can be uploaded directly to the computer by 

connecting the device to it. Forestry investigators no longer have to enter data manually 

to avoid making unnecessary errors. The serial communication module exchanges data 

with a PC via USB or enables data exchange with other electronic devices via Bluetooth. 

The data input module is mainly composed of different sensors, wherein the temperature 

and humidity sensor and positioning system are digital inputs that can be directly used, 

the input of the self-reset displacement sensor is analog, and we need to use the CS5513 

chip to convert the analog model into a digital signal can be used. The voltage transformer 

module consists of a lithium battery, switch, charging port, and voltage transformer chip. 

It is used for power management of the input lithium battery, voltage fluctuation, and 

current protection of the circuit. 

When conducting a survey in a dense forest, where darkness and poor light are in-

evitable, the device can see the data directly on the display without any worry. The real-

time interaction module is to display all the detected data to the operator through the 

display, and we can select and use the functions displayed by pressing a key. 

 

Figure 2. Frame diagram of the circuit structure. 

2.3. Software Design 

The software exists for forestry personnel after a forest site survey, and the survey 

data can be clearly seen on a personal computer. The software of the lower computer de-

vice is designed in the C language of the Keil platform and consists mainly of four main 

functional plates: DBH measurements, temperature and humidity, GPS acquisition, key 

control, and master menu, which are used to implement various data and tree DBH read-

ings. The host computer on the PC mainly implements communication functions and data 
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storage and analysis. The software is developed and implemented in the software version 

2022.2.4 of Pycharm, based on version 3.8.10 of Python and version 5.15.4 of PyQt5, and 

the interface is shown in Figure 3. The data is connected to the computer via Bluetooth or 

serial port, and the data stored in the SD card is read to the computer via a pre-pro-

grammed code, enabling the integration of data measurement, storage, transmission, and 

analysis. The two are linked to each other, as shown in Figure 4, to enable the interaction 

of the whole data and the usage of the device [28]. 

 

Figure 3. Schematic diagram of the host computer interface. 

 

Figure 4. Software flow chart.  
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3. Design Principle 

3.1. Principle of Displacement Measurement 

Considering the complex environment of the forest, the sensor selection needs to be 

able to adapt to a variety of different environments. Self-reset displacement sensors, 

where the contact part can be displaced and the displacement can be automatically reset 

after the spring is installed, enable continuous and uninterrupted measurements. Its es-

sence is the magnetic sensor [18,19], which can be divided into hinge series, pull rod series, 

and slider series according to the installation method. The sensor has high stability and 

accuracy. It can work normally at −30 °C~80 °C, has IP68 waterproof rating, and can adapt 

to daily life and various industrial production applications [29–31]. 

Figure 5 shows a schematic of the displacement length extraction. When the sensor 

is displaced, there is a positive linear correlation between the amount of displacement 

variation and the signal line output simulated signal variation. Through the CS5513 chip, 

the 20-bit conversion will sample the analog signal into the digital signal, which is finally 

sent to the microcontroller to extract the displacement length. According to the property 

that the output voltage and the displacement length in the self-reset displacement sensor 

are linearly dependent, the Lnow is calculated in the following way as shown in Equation 

(1). 

L𝑛𝑜𝑤 = (L𝑚𝑎𝑥 − L𝑚𝑖𝑛)
𝑉𝑛𝑜𝑤

𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛

 (1) 

Lnow is the desired displacement length; Lmax is the displacement length; Lmin is the 

minimum length of line segment displacement; Vnow device real-time terminal voltage; Vmax 

is the maximum voltage at both ends of the device common to the sensor; Vmin is the min-

imum voltage at both ends of the device common to the sensor. 

 

Figure 5. Displacement length extraction. 

3.2. Calculation Method of DBH 

When the device is used, the transverse section of the tree is approximately made 

into a circle to measure, the device is held in the hand vertically and laterally pushed to 

the tree to make the two contacts of the device fully touch the tree 1.3 m, as shown in 

Figure 6. In this case, the displacement sensor will be displaced, and Lnow is the displace-

ment length X calculated above. Let the distance between the plane in which the contacts 

are located and the position of the sensor be s1. The radius r of the circle can be calculated 

using Equation (2) from the circular cutting law and the Pythagorean theorem. 

(𝑟 − 𝑥)2 + 𝑠1
2 = 𝑟2 (2) 

r is the diameter at the chest height of the tree to be measured; x is the displacement 

length of the device sensor; s1 is the direct horizontal distance between the sensor and the 

contact. 

Equation (3) can be obtained by further derivation: 
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𝑟 =
𝑆1

2 + 𝑥2

2𝑥
 (3) 

Finally, the DBH size d (d is the DBH of the standing tree to be calculated) can be 

calculated by Equation (4): 

𝑑 = 2𝑟 (4) 

 

Figure 6. Schematic diagram of DBH measurement. 

3.3. Simulation Result 

Simulation tests were performed on the device, varying the telescopic distance of the 

displacement sensor. When the distance between the sensor and the contact is different, 

the diameter at the height of the tree can be obtained, as shown in Table 1. 

Table 1. DBH measured under different combinations. 

Length of x 0.3 (cm) 0.6 (cm) 0.9 (cm) 1.2 (cm) 1.5 (cm) 1.8 (cm) 2 (cm) 2.4 (cm) 2.7 (cm) 3 (cm) 

s1 = 3(cm) 30.3 15.6 10.9 8.70  7.5 6.8 6 6.15 6.03  6 

s1 = 6(cm) 120.3 60.6 40.9 31.20  25.5 21.8 19 17.4 16.03  15 

* x is the expansion distance of the displacement sensor; s1 is the direct distance between the contact 

and the displacement sensor. 

4. Test and Analysis 

4.1. Test Site and Subject 

This experiment was mainly located in the Botanical Garden (30°15′N, 119°43’ E) of 

the East Lake Campus of Zhejiang Agricultural and Forestry University, west of Hang-

zhou City, Zhejiang Province, with abundant tree species. The main tree species in this 

DBH measurement were Ginkgo biloba (T1), Magnolia grandiflora linn (T2), camphor tree 

(T3), Michelia alba (T4), Sycamphora (T5), Italian Yang (T6), Sapindus (T7), and Pine (T8), 

with a total of 301 trees. In this test, the diameter measuring ruler (three trees brand, stain-

less steel measuring ruler, range: 0~63.7 cm), diameter measuring caliper (Haglöf, folding 

caliper, range: 0~50 cm) and self-developed three-point standing tree DBH measuring in-

strument were used for an accuracy comparison test. 

4.2. Measurement Flow Design 

The DBH is measured according to the conventional operation using the traditional 

tape and the traditional caliper. When using a self-developed measuring device, if the 

DBH of the tree is less than 6 cm, it can be read directly on the device scale. If the DBH of 

the tree is larger than 6 cm, follow the steps below. 
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Step 1: Open the side switch of the standing tree DBH measuring instrument, select 

the required functions by pressing the up and down keys, and press the A key to enter the 

selected functions; 

Step 2: On the tree DBH measurement interface, you can adjust the measurement 

sample plot up and down, and select the tree number by left and right; 

Step 3: When the height of the tree is 1.3 m, contact the device to the trunk as fully as 

possible, and press the “C” key to record the DBH of the tree, as shown in Figure 7. If the 

trunk is irregular, change the direction and press the “C” key to record the DBH for many 

times, and the device can automatically calculate the average DBH of the tree; 

Step 4: After the DBH measurement of the tree is completed, connect the device to 

the computer, and the data can be uploaded to the PC software for statistics and analysis. 

   

(a) Equipment (b) Caliper (c) tape 

Figure 7. Field measurement map. 

4.3. Measurement Results Evaluation Method 

For the experimental data results, a caliper and tape were used as criteria to evaluate 

the accuracy of the device on the measured data. Equation (5) was used in the bias (BIAS) 

calculations to see how well the device measurements fit the data from the caliper and 

tape. The higher the goodness-of-fit between the data, caliper, and tape, the smaller the 

difference between the measured values of the devices and the caliper and tape. Relative 

bias (relBIAS) is the absolute deviation of a measurement as a percentage of the mean. The 

relative deviation calculated from Equation (6) was used to measure the deviation of a 

single measurement result from the mean. Root mean square error (RMSE) is the square 

root of the ratio between the square deviation of the predicted value and the true value 

and the number of observations Equation (7) was used to calculate the root mean square 

error to measure the deviation between the observed value and the true value. Equation 

(8) is used to calculate the relative Root Mean Square Error (relRMSE) to more intuitively 

show the difference in accuracy between the measured values of the equipment, caliper, 

and girder. Finally, the measurement data of the equipment is fitted linearly with a caliper 

and tape, and its decision coefficient R2 can be obtained from Equation (9). The closer the 

value of R2 is to 1, the higher the similarity between the two. 
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 (9) 

dbhi is the measurement data of the device; DBHi is the measurement data of the tape 

and caliper; n is the number of device measurements. 

The dbhi measured by the device was compared with DBHcapliper measured by the tra-

ditional caliper and DBHtape measured by the traditional girder. According to the main 

technical regulations of the forest resource survey, the diameter order was divided, and 

the measured data were divided into diameter order A (6.0–15.9 cm), diameter order B 

(16–25.9 cm), diameter order C (26.0–35.9 cm), and diameter order D (greater than or equal 

to 36 cm). 

4.4. Measuring results 

The results showed that compared with the data measured by caliper, the total devi-

ation at DBH bias (BIAS1) was 0.26 cm (1.44%), the RMSE (RMSE1) was 0.52 cm (2.65%), 

decision coefficient R2 was 0.99674, and the overall accuracy was 97.35%. Compared with 

the data measured by tape, the overall deviation of DBH bias (BIAS2) was −0.12 cm 

(−0.52%), the RMSE (RMSE2) was 0.33 cm (1.57%), decision coefficient R2 was 0.99862, and 

the overall accuracy was 98.43%. When measuring the diameter order C (26.0~35.9 cm) 

and above, the contact direction should be changed to ensure accuracy. 

The data measured by this device is in good agreement with the data measured by 

the tape and caliper. A linear fit of dbhi with DBHcapliper and DBHtape is shown in Fig-

ure 8. The DBH data pairs for different tree species are shown in Table 2. The distribution 

of DBH Error, the measurement value of the device differs from that of the tape measure 

or tape measure (Error = dbhi − DBHi) for different tree species is shown in Figure 9. The 

DBH data pairs for different diameter classes are shown in Table 3. The DBH error distri-

bution for different diameter classes is shown in Figure 10. 

  

(a) Comparing new device with diameter caliper. (b) Comparing new device with diameter tape. 

Figure 8. Linear fitting diagram of dbhi, DBHcapliper, and DBHtape. 
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Table 2. Comparison of DBH data of different tree species. 

Species Num BIAS1 (cm) relBIAS1 RMSE1 (cm) relRMSE1 BIAS2 (cm) relBIAS2 RMSE2 (cm) relRMSE2 

T1 37 0.26 1.48% 0.48 2.76% −0.07 −0.39% 0.29 1.55% 

T2 37 0.22 1.50% 0.47 2.99% −0.04 −0.27% 0.25 1.46% 

T3 39 0.17 1.19% 0.47 2.65% −0.07 −0.36% 0.27 1.31% 

T4 39 0.31 2.26% 0.42 2.90% 0.04 0.21% 0.21 1.43% 

T5 37 0.27 1.63% 0.47 2.74% 0 −0.30% 0.27 1.71% 

T6 36 0.5 1.52% 0.85 2.66% −0.42 −1.17% 0.57 1.52% 

T7 40 0.1 0.61% 0.42 1.94% −0.17 −0.86% 0.31 1.59% 

T8 36 0.24 1.35% 0.47 2.41% −0.21 −1.07% 0.38 1.94% 

SUM 301 0.26 1.44% 0.52 2.65% −0.12 −0.52% 0.33 1.57% 

Ginkgo biloba (T1), magnolia grandiflora linn (T2), camphor tree (T3), Michelia alba (T4), Sycam-

phora (T5), Italian Yang (T6), sapindus (T7), and pine (T8). 

  

(a) Comparing new device with diameter caliper. (b) Comparing new device with diameter tape. 

Figure 9. Distribution of DBH error among different tree species. 

Table 3. Comparison of DBH data of different diameter orders. 

Class Num BIAS1 (cm) relBIAS1 RMSE1 (cm) relRMSE1 BIAS2 (cm) relBIAS2 RMSE2 (cm) relRMSE2 

A 136 0.18 1.53% 0.35 2.75% −0.05 −0.40% 0.2 1.59% 

B 114 0.28 1.43% 0.51 2.54% −0.1 −0.48% 0.31 1.52% 

C 36 0.17 0.68% 0.71 2.52% −0.2 −0.62% 0.47 1.49% 

D 15 0.96 2.49% 1.07 2.78% −0.69 −1.70% 0.79 1.94% 

SUM 301 0.26 1.44% 0.52 2.65% −0.12 −0.52% 0.33 1.57% 

Diameter order A (6.0–15.9 cm), diameter order B (16–25.9 cm), diameter order C (26.0–35.9 cm), 

diameter order D (greater than or equal to 36 cm). 
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(a) Comparing new device with diameter caliper. (b) Comparing new device with diameter caliper. 

Figure 10. Distribution of DBH error among different diameter orders. 

5. Discussion 

Forest surveys have evolved with advances in sensor technology, microelectronics, 

remote sensing, machine learning, computer vision, and internet of things technology. In 

recent years, new devices and methods for measuring DBH have emerged. For example, 

the Swedish company Haglöf makes MD II electronic caliper for DBH measurements. 

However, it is somewhat expensive, at around 2814 CHF [25]. The RD 1000 Fast Tree in 

the United States is also priced at 2894.4 CHF. Sun et al. developed an electronic caliper 

based on a capacitive sensor and reported a mean measurement bias was 2.72 cm and 

RMSE was 3.545 cm [26]. Yuan et al. developed a tree DBH measurement device based on 

an angle sensor called tri-segment and reported the bias was 0.1 cm and RMSE was 0.45 

cm [27]. However, their device is not suitable for wet environments due to the limitations 

of the device sensor and the device is not easy to carry. In addition, Fan et al. estimated 

the DBH using the TLS method and reported a bias was 0.38 cm and RMSE was 1.28 cm 

for the DBH measurement [16]. Cheng et al. extracted the DBH values of trees by laser 

spot combined with machine vision, the bias was 0.12 cm after the measurement [20]. Wu 

and Zhou et al. used mobile phone photos to compute DBH values for trees based on 

monocular vision depth with a bias of 0.237 cm [21]. He and Jia et al. used Unmanned 

Aerial Vehicle (UAV) remote sensing images to estimate the DBH of trees and obtained a 

reported bias was 0.02 cm and RMSE was 3.58 cm [24]. Despite the high accuracy of the 

aforementioned devices and methods, they are not suitable for UAV-based or total sta-

tion-based forest surveys, given the convenience. Both TLS and camera shooting require 

expertise in processing complex point data. 

In this study, we design a novel device based on sensor and electronics technologies. 

Moreover, excluding the contacts, the device is small in size, measuring 12 cm long, 7.7 

cm wide, 2.6 cm thick, weighing less than 0.5 kg, and lasts at least 20 h in normal use. The 

device is similar in size and feels to a smartphone and costs just 93.8 CHF. The equipment 

has a preliminary waterproof function, can be used normally in a humid environment, 

and has good performance in −10 °C~45 °C. Additionally, a simulation experiment was 

performed to verify the measurable DBH of the device, which can be used up to a maxi-

mum range of 120.3 cm as shown in Table 1. According to the data, the device can pull 

out the contacts and rotate 180 degrees when the diameter at chest height of the tree is 

greater than 15.6 cm, and adjust the distance S1 between the two contacts and the sensor 

to 6 cm, which can ensure the measurement has high accuracy. Through the actual meas-

urement of 301 trees of 8 different species, the bias was −0.12 cm (−0.52%) and 0.26 cm 

(1.44%). Through the actual measurement of 301 trees of 8 tree species, the bias was −0.12 

cm (−0.52%) and 0.26 cm (1.44%), respectively, compared with the measurement results of 

tape and caliper. The root means square error (RMSE) was 0.33 cm (1.57%) and 0.52 cm 
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(2.65%), respectively. We also present the measured deviations for different diameters and 

different tree species. There are many variables associated with tree growth, but the main 

factor in our measurements is that the cross-section of the tree resembles an ellipse or a 

hyperbola. Nevertheless, the high linear fit and small deviations of the device measure-

ments compared to different conventional tools indicate that the device and computa-

tional algorithms are accurate for the DBH measurements. 

Even though our measurement method is based on a basic mathematical algorithm 

proposed by mechanical structure, it is simple and effective and enriches the toolbox of 

ground-based measurements in forest surveys. In addition, it is easy to carry and operate, 

the data is automatically recorded and processed, and the measurement efficiency can be 

effectively increased. At the same time, we develop a computer application that can be 

securely connected to the device for data uploading, which is of great value for creating 

databases developed for DBH and tree height management. 

6. Conclusions 

We combine self-reset displacement sensors to produce a new DBH measurement 

device with portability, stability, and efficiency. The measurement data of this device is 

essentially similar to that of the tape and caliper, as compared to the measurements of the 

tape and caliper, through actual measurements of 301 trees of eight different species. Com-

pared to tape and caliper, which require manual reading and data entry, the operation 

efficiency can be greatly improved, and data can be directly derived without manual in-

put. The advent of such devices has remedied the shortcomings of existing devices and 

methods and provided a new solution for forest surveys. However, the device still has 

some limitations. It was unable to measure the DBH of trees above 120.3 cm, as well as 

some standing trees with irregular shapes, and the appearance of the device still needs to 

be improved and optimized. 
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