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We invented a wearable device that can measure voiding time and fre-
quency by checking a habitual series of characteristic motions among 
men. This study collected and analyzed urination time data collected 
smart bands worn by patients to resolve the clinical issues posed by 
using voiding charts. By developing a smart band-based algorithm for 
assessing urination time in patients, this study aimed to explore the fea-
sibility of urination management systems. This study aimed to assess 
urination time based on a patient’s posture and changes in posture. 
Motion data were obtained from a smart band on the arm. An algorithm 
that identifies the three stages of urination (forward movement, urina-
tion, backward movement) was developed based on data collected 
from a 3-axis accelerometer and tilt angle data. Therefore, we analyze 
hidden Markov model (HMM)-based sequential data to determine uri-

nation time. Real-time data were acquired from the smart band. For 
data corresponding to a specific duration, the value of the signals was 
calculated and then compared with the set analysis model to calculate 
the time of urination. The final accuracy of the algorithm was calculated 
based on clinical guidelines for urologists. The experiment showed a 
high average accuracy of 92.5%, proving the robustness of the pro-
posed algorithm. The proposed urination time recognition technology 
draws on acceleration data and tilt angle data collected via a smart 
band; these data were then analyzed using a classifier after applying 
the HMM method.
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INTRODUCTION

Voiding problems are a common condition observed among el-
derly individuals, and voiding dysfunction is a significant risk fac-
tor for increased mortality and decreased quality of life among 
these individuals (Nakagawa et al., 2010; Pesonen et al., 2020; 
Wehrberger et al., 2012). For the evaluation of voiding dysfunc-
tion, diagnostic tools such as patient-reported symptom question-
naires, voiding diaries, and urodynamic studies are used in clinics. 
The voiding diary is a useful method to show the patient’s real-life 
voiding habits and patterns. Therefore, in many lower urinary 
tract diseases such as overactive bladder and benign prostate hy-
perplasia, voiding diary is included in the research method as an 
essential evaluation (Choi et al., 2018; Chuang et al., 2018; Hsiao 
et al., 2019; Lee et al., 2018; Yu et al., 2019).

In general, the patients record the frequency of voiding, each 
voiding volume, and other symptoms associated with urination 
in the standard form of voiding diary by themselves (Bright et al., 
2012; Yap et al., 2007). Despite the benefit of a paper-type void-
ing diary, there are some limitations. According to the patient’s 
characteristics, low adherence to the voiding diary reduces the re-
liability of a paper-type voiding diary. Some patients fail to re-
cord to record or lose their voiding diary before the visiting the 
clinic. In particular, older people with cognitive dysfunction and 
physical weakness are unable to record their voiding patterns in 
the diary.

Therefore, an electronic voiding diary was developed to overcome 
the limitation of a paper-type voiding diary, and various types of 
mobile applications have been released. Sussman et al. (2016) re-
ported that electronic voiding diaries showed better compliance 
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and data reliability than paper-based voiding diaries. Moreover, 
electronic voiding diaries seem to have merit because people are 
familiar with using smartphones and mobile devices at present. 
However, electronic voiding diaries may not apply to older people 
unfamiliar with mobile devices. Thus, a new method instead of 
conventional paper or electronic voiding diaries is necessary for 
the elderly population. To overcome the limitation of the previ-
ously developed electronic voiding diary, we evaluated the feasi-
bility of a new type of voiding diary based on recognition technol-
ogy monitoring patient behavior.

MATERIALS AND METHODS

This study was included healthy men aged ≥18 years old and 
aimed to evaluate the efficacy of a new type of voiding diary based 
on recognition technology. The mean age was 28.73 (range, 26–
34) years old, and none of the patients showed voiding dysfunc-
tion. The patients completed a 3-day paper voiding diary and 
wore a smart band to monitor the number of urinations. The 
smart band used in this study is able to detect urination based on 
a patient’s posture and changes in posture. Motion data were ob-
tained from a smart band worn on the arm. An algorithm that 
recognizes the three stages of urination (forward movement, uri-
nation, backward movement) was developed based on data col-
lected from a 3-axis accelerometer and tilt angle data. The feature 
used for the analysis of sequential data has temporal characteristic. 
Therefore, we analyzed hidden Markov model (HMM)-based se-
quential data to detect urination. Real-time data were acquired 
from the smart band, and for data corresponding to a certain du-
ration, the value of the signals was calculated and then compared 
with the set analysis model to determine the time of urination. 
The paper voiding diary was reviewed by two urologists, and the 
date reported from the smart band was compared with the results 
of the paper voiding diary. This study was conducted in accor-
dance with the Declaration of Helsinki and approved by the Insti-
tutional Review Board of the Gachon University Gil Medical 
Center (GDIRB2017-096). All patients provided written in-
formed consent.

User-adaptable postprocessing model
The following is a user-adaptable postprocessing model to in-

crease the accuracy of HMM recognition results. The entire pro-
cess extracts feature from the entered signals and performs the pri-
mary recognition process using HMM. User-adaptable postpro-
cessing is performed by receiving the results from the device to 

check the application of postprocessing, and if postprocessing is 
required, the final results are derived. Each node in the input layer 
is entered with Min-max Normalization of the recognizable uri-
nary signal, and each node in the output layer is modified into a 
class to be modified by processing. In other words, in the case of a 
misrecognized case, the case is collected to create a processing 
model, and if the same results are obtained at the next treatment, 
the case is corrected. Therefore, the accuracy of urination activity 
recognition was improved to user-tailored form and nodes to 
self-adaptive type.

Statistical analysis
Based on a total of 15 men cases, measure normal detection 

(true positive; TP), false detection (false positive; FP), and detec-
tion failure (false negative; FN) by comparing the number of 
manually written urination with the number of actual recognized 
waveforms. Sensitivity and specificity are calculated from mea-
sured TP, FP, and FN information to confirm the effectiveness 
and accuracy of the proposed urination recognition technology. 
The data were presented in terms of the mean values of continu-
ous variables and the frequencies of categorical variables. For diag-
nostic test performance, the number of patient’s outcomes with a 
TP, FP, FN, and true negative test result were extracted. The pri-
mary objective was to estimate the sensitivity and specificity with 
95% confidence interval (CI), and diagnostic odds ratio (DOR) 
with 95% CI. A DOR can be calculated as the ratio of the odds 
of probability in a urination state relative to the odds of probabil-
ity in the non-urination state, with higher values indicating bet-
ter discriminatory test performance (Glas et al., 2003). Between- 
individual statistical heterogeneity was assessed using I2 and the 
Cochrane Q test on the basis of the random-effects analysis. The 
bivariate model estimates pairs of logit transformed sensitivity 
and specificity, incorporating the correlation that might exist be-
tween sensitivity and specificity (Thompson, 1994). We used 
the bivariate random-effects model for analysis and pooling of 
the diagnostic performance measures across patient’s outcomes 
(Reitsma et al., 2005). We also constructed hierarchical summary 
receiver operator characteristic (HSROC) curves to overcome some 
limitations of the traditional summary ROC curve procedure 
(Shim et al., 2019). Each data point of the HSROC graph comes 
from an individual patient’s outcome; then, the HSROC curve is 
formed based on these points to form a smooth curve to reveal 
pooled accuracy. Two-sided P≤0.05 was considered statistically 
significant.
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RESULTS

We evaluated the efficacy of using a smart band to monitor uri-
nation in 15 men without a voiding problem. The DOR of urina-
tion reported from the smart band was 25.03 (95% CI, 17.57–
35.65). Heterogeneity between the participants was not observed 
(P=0.839) (Table 1). An analysis of smart band-monitored urina-
tion showed that smart band can be used to reliably and accurate-
ly recognize human behavior patterns using smart band. Fig. 1 
showed that the pooled sensitivity and specificity were 0.79 (95% 
CI, 0.73–0.84) and 0.87 (95% CI, 0.85–0.89) respectively.

DISCUSSION

This is the clinical study to show the efficacy of using a mobile 
device to monitor urination in real-life. We proposed the use of a 

smart band to monitor urination behavior using motion recogni-
tion technology and developed an algorithm based on the charac-
teristic movement commonly observed in men during urination. 
We chose HMM for the algorithm to recognize urination behav-
ior because HMM is more suitable for analyzing sequential data 
that have temporal characteristics than other algorithms such as 
Bayesian networks, HMMs, and recurrent neural networks (LeCun 
et al., 2015). We confirmed that the frequency of urinations re-
corded by the smart band loaded with the urination monitoring 
device proposed in this study was not different from the results in 
the conventional paper voiding diary.

Many studies on the application of mobile health have been 
performed in various medical fields. In the urologic area, there 
have been many attempts to develop mobile medical devices for 
both patients and clinicians (Hwang, 2018; Kang et al., 2018). 
Voiding dysfunction from various urologic diseases is prevalent 
and associated with low quality of life because voiding problems 
restrict daily life (Egan, 2016; Yoo et al., 2018). At present, most 
of the examination for voiding dysfunction is performed in the 
clinic; therefore, the test does not represent the patient’s real-life 
urination. Moreover, the patients cannot express their symptoms 
by only one examination in the hospital. Therefore, a voiding dia-
ry is used to assess the patient’s urination pattern in real life. The 
patient records the number of urination, urination, volume, or 
other symptoms associated with urination in the specialized paper 
for 3 days (Hsiao et al., 2019). The findings of the voiding diary 
provide information on urination in real life because the patients 

Table 1. Overall motion data (n= 15)

Variable Coefficient Standard error 95% Confidence interval

Sensitivity 0.789 0.0269 0.731–0.837
Specificity 0.8709 0.010 0.850–0.889
DOR 25.031 4.517 17.574–35.657
LR+ 6.0734 0.498 5.172–7.132
LR- 0.2426 0.310 0.1890–0.312
1/LR- 4.121 0.526 3.210–5.292

DOR, diagnostic odds ratio; LR+, positive likelihood ratio; LR-, negative likelihood 
ratio.

Fig. 1. Sensitivity and specificity of recognition technology monitoring urination. (A) Each participant data. (B) The receiver operating curve. CI, confidence interval; 
AUC, area under the curve; SENS, sensitivity; SPEC, specificity.
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record it during their everyday activity. However, some patients 
cannot record at every urination, and some of them lost their pa-
per voiding diary before visiting the hospital. Thus, there have 
been many studies that examined the use of mobile devices to 
overcome the challenges of paper voiding diaries. A study by Vac-
cari et al. (2020) reported that there were many types of mobile 
voiding diaries that could be used in place of the paper voiding 
diaries. The use of an electronic mobile voiding diary seems to in-
crease adherence compared with paper voiding diaries because 
people are familiar with the mobile devices (Abrams et al., 2016).

Although electronic and mobile voiding diaries have shown 
some benefits, there are still limitations. Previous studies that 
evaluated mobile medical applications or devices were performed 
using individuals who were familiar with the mobile device. The 
electronic voiding diary used at present is not suitable for older 
adults who do not use the mobile device due to cognitive prob-
lems or frailty (Wildenbos et al., 2018). Therefore, a new method 
to monitor real-life urination patterns is necessary for these depen-
dent and frail older people. We used recognition technology to 
monitor human behavior to overcome the electronic voiding dia-
ry. We reported the reliability of the algorithm focused on men’s 
characteristic movement during urination (Eun et al., 2017; 
Whangbo et al., 2018).

Moreover, the possibility of a smart band with a recognition 
system was tested in a previous pilot study (Chung et al., 2019). 
Based on these previous studies, a smart band for real users was 
developed, and the accuracy of this technology was tested in the 
present study. Compared with paper voiding diaries, the data re-
corded by the smart band loaded with the motion recognition 
technology were reliable because the sensitivity and specificity 
were high. As a result, the new mobile voiding diary can be a use-
ful method to monitor urination behavior and diagnose voiding 
problems in men. Moreover, our new method can detect and re-
cord urination behavior by itself. Therefore, it can be a better op-
tion for dependent older people.

Despite the benefits of mobile methods compared with paper 
and electronic voiding diaries, there are some limitations. The 
smart band developed in this study was only for men. Thus, we 
have been studying to find characteristic urination movements 
and establish mobile devices for women. This study included men 
without voiding problems who were familiar with the mobile de-
vice. Therefore, further studies are planned to be performed in pa-
tients with voiding dysfunction and elderly individuals with cog-
nitive issues. Voiding diaries based on urination movement recog-
nition technology can be a useful option to monitor real-life uri-

nation patterns in men.
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