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■Abstract 
Heart rate is a crucial vital sign and a valuable indicator for assessing the physical and 
psychological condition of a target animal. While medium- and long-term stress levels 
have been evaluated by measuring bioactive substances in samples such as urine, feces, 
and body hair, it is assumed that short-term changes can be measured by measuring the 
changes in physical and psychological state by comprehending the heart rate. Heart rate 
has been measured using a contact-type device; however, the device burdens the target 
animals and that there are risks associated with anesthesia during installation. This study 
explores the application of heartbeat measurement techniques using millimeter-wave 
radar, primarily developed for humans, as a remote method for measuring the heart rate 
of great apes. This approach has yielded significant insights into the evolutionary history 
of humans. Through a measurement test conducted on two chimpanzees, we observed a 
remarkable correspondence between the peak frequency spectrum of heart rate estimated 
using millimeter-wave radar and the mean value obtained from electrocardiograph data, 
thereby validating the accuracy of the method. To the best of our knowledge, this is the 
first demonstration of the precise measurement of great apes’ heart rate using millimeter-
wave radar technology. Consequently, this study unveils the potential for establishing a 
health management system for endangered great apes, estimating their metabolic rate, and 
elucidating social stressors. 
 
 
■Keywords 
noncontact measurement, vital sign, heart rate, millimeter-wave ultrawide-band array 
radar, animal welfare 
 
■Research Highlights 
• Applied millimeter-wave radar measured chimpanzees heart rate accurately, 

marking the first use of this technology in great apes. 
 
• Millimeter-wave radar heart rate measurement holds promise for managing the 

health of endangered great apes. 
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■Introduction 
Nonhuman primates have been studied extensively to gain insights into the 

evolutionary basis of human physical and psychological traits (Hirata, 2007; Myowa-
Yamakoshi, 2012). In recent years, heart rate, a vital sign, has garnered substantial 
attention in understanding the physical and psychological states of nonhuman primates 
(Whitham, 2016; Wascher, 2021). Previous research has measured bioactive substances 
to assess medium- and long-term stress levels (Anestis, 2005). Measuring various 
hormones for evaluating an individual’s physical and psychological state over a medium- 
to long-term timeframe (i.e., the duration in which samples such as feces, urine, and body 
hair are produced) is valuable (Preis, 2018). However, the challenge lies in the limited 
availability of these samples. Self-directed behaviors, such as self-scratching, have been 
considered relatively short-term stress indicators (Kutsukake, 2003; but see Duboscq et 
al. 2016). Nonetheless, they fail to identify stressors that may not be reflected in behavior. 
Heart rate, however, can serve as an indicator of short-term psychological stressors, as it 
increases under high psychological load (cf. Wascher, 2021). In one notable study, Aureli 
(1999) observed a decrease in heart rate during grooming in rhesus macaques (Macaca 
mulatta), indicating that grooming can alleviate psychological stress. Additionally, heart 
rate positively correlates with metabolic rate, allowing for the inference of physical load 
from heart rate variability (Halsey et al. 2019). 

As mentioned earlier, understanding heart rate enables unconventional analogies to 
the physical and psychological state of the target animal, including behavior, and 
physiologically active substances. However, heart rate measurement traditionally 
required the use of equipment that larger animals could remove (Koda et al. 2015). 
Additionally, when studying social behavior, the presence of such equipment may 
influence social interactions and responses from other individuals. Furthermore, the 
physical burden imposed by wearing the devices cannot be disregarded. Animals that lack 
a trusting relationship with humans may require anesthesia for device attachment, which 
is burdensome and carries the risk of complications and mortality (Portier & Ida, 2020). 

To address these challenges, several remote methods have emerged in recent years for 
capturing the heart rate of target individuals. One such method is video analysis (Wang et 
al. 2023). This technique allows heart rate estimation from past videos and eliminates the 
need for specialized equipment. However, it necessitates a complex analysis process, 
including identification of the area to be analyzed in the video and correction for 
environmental light exposure. Particularly in outdoor environments strongly influenced 
by rapidly changing natural light due to cloud cover and atmospheric conditions, e.g., 
under wild conditions, the success of video-based heart rate estimation is expected to be 
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limited. 
The objective of the present study was to apply remote heart rate measurement using 

millimeter-wave radar technology, originally developed for humans, in great apes. 
Millimeter-wave radar technology captures subtle body surface movements associated 
with heartbeat and breathing using high-frequency radar, enabling the estimation of vital 
information such as heart rate and respiration (Sakamoto et al. 2016). The radar frequency 
used in this study, namely the 79 GHz band, is commonly used in several countries for 
various applications, including automotive collision avoidance, with limited radiation as 
stipulated by the regulation norms of each country to avoid adverse effects to the human 
body. Therefore, this technology could be employed internationally to measure the heart 
rate of target individuals while considering their welfare (cf. Takeda, Sato, & Sugawara, 
2000). 

Millimeter-wave radar technology has been successfully applied to animals other than 
humans, including horses (Equus caballus) (Matsumoto et al. 2022), cows (Bos taurus) 
(Tuan et al. 2022), and rhesus monkeys (M. mulatta) (Sakamoto et al. 2023). Although 
there have been prior systems for monitoring chimpanzee respiration using radar analysis 
at a relatively low frequency, i.e., 10.525 GHz (Kindt & Spelman, 1979), to the best of 
our knowledge, this study represents the first application of millimeter-wave radar 
technology in chimpanzees and large apes. 
 
■Method & Results 

Measurements were taken on October 5, 2022, at Kumamoto Sanctuary Wildlife 
Research Center, Kyoto University. The study involved one adult male chimpanzee 
named Musashi and one adult female chimpanzee named Nacky, both housed at 
Kumamoto Sanctuary, Wildlife Research Center, Kyoto University (refer to Table 1 for 
details). The experiments were conducted during the annual health checks of the 
chimpanzees. Musashi was anesthetized via intramuscular injection of ketamine 
hydrochloride (9 mg/kg), whereas Nacky was first orally administered droperidol (0.17 
mg/kg) mixed with fruit juice for sedation, followed by intramuscular injection of 
ketamine hydrochloride (9 mg/kg). The experimental protocol was approved by the 
Animal Experimentation Committee of the Wildlife Research Center, Kyoto University 
(WRC-2022-KS002A). 

A frequency-modulated continuous wave radar system with a center frequency of 79 
GHz, a center wavelength of 3.8 mm, and an occupied bandwidth of 3.9 GHz was used. 
The radar array consisted of a multiple-input multiple-output (MIMO) array with three 
transmitting and four receiving elements. The individual radar array elements had 
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beamwidths of plus and minus 4 degrees in the E-plane and plus and minus 35 degrees in 
the H-plane. The transmitting elements were spaced 7.6 mm apart, whereas the receiving 
elements were spaced 1.9 mm apart. In the experimental setting, the MIMO array was 
approximated using a virtual linear array with a 12-element configuration and half-
wavelength element spacing. Each measurement lasted 28 s, with a slow-time sampling 
interval of 6.9 ms. 

For the experiments, both the array radar system and a two-electrode 
electrocardiogram (ECG) sensor were used simultaneously to evaluate the accuracy of 
heartbeat measurements for the two anesthetized chimpanzees (A: Musashi, and B: 
Nacky) individually while they lay in a supine position on a bed (Figure 1). The ECG 
sensor (biosignalsplux) from PLUX wireless biosignals (Lisboa, Portugal) was solely 
used to assess the accuracy of radar-based measurements. The radar system was 
positioned approximately 0.7 m away from the chimpanzee, directly above the front chest 
wall. Radar signals were directed toward the upper torso, and the reflected echoes were 
recorded. Simultaneously, ECG electrodes were manually attached to an arm and leg by 
an operator. 

To analyze the radar information, a radar image was generated based on complex-
valued signals as a function of time, using the range, and angular resolutions of the radar 
system. Time-averaged complex components were subtracted from each signal 
corresponding to a specific range and angle. The image was then analyzed to identify the 
pixel with the largest average power, and the phase of that pixel was extracted as a real-
valued displacement over time. A bandpass filter was applied to suppress low-frequency 
components related to body motion and high-frequency components related to receiver 
noise. Fourier transform was subsequently performed on the filtered displacement 
waveform to obtain an estimate of the spectral density function in the frequency domain. 
Similar Fourier transform analysis was applied to the ECG signals to obtain their 
corresponding spectral density function in the frequency domain. Figures 2 and 3 show 
these estimates of normalized spectral density functions for comparison. 

Figure 2 (Experiment 1) illustrates the power spectral density functions estimated 
from ECG (red line) and radar (black line) for chimpanzee A (Musashi). The ECG 
reference data indicated a heartbeat frequency of 1.41 Hz. The spectral density function 
exhibited the fundamental frequency of 1.41 Hz, as well as higher-order harmonics at 
2.82, 4.23, and 5.64 Hz. The radar-based spectral density function showed good 
agreement with the higher-order harmonics in the ECG spectrum, although the peak 
corresponding to the fundamental frequency was less distinct. This discrepancy can be 
attributed to the interference of lower-frequency components at the fundamental 
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frequency by the strong respiratory component present in the radar signals. 
Figure 3 (Experiment 2) illustrates the power spectral density functions estimated 

from ECG (red line) and radar (black line) for chimpanzee B (Nacky). The ECG reference 
data indicated a heartbeat frequency of 2.02 Hz. The fundamental frequencies found in 
the spectra obtained from the radar and ECG data are in good agreement, with each other, 
whereas their higher harmonics are not clearly matched. 
 
■Discussion 

The heart rates estimated for chimpanzees through millimeter-wave radar 
measurements in this study (Experiment 1: 1.41 Hz; Experiment 2: 2.02 Hz) did not 
significantly deviate from previous reports (1.55 Hz; Boysen & Berntson, 1989) or actual 
contact-type measurements. This indicates that millimeter-wave radar measurements can 
accurately estimate heart rate. Despite chimpanzees having muscular bodies and thick 
body hair, which raised uncertainties about measuring their heart rate in a similar manner 
to measurements in humans, the results of this study demonstrated the feasibility of 
noncontact heart rate measurement through analysis of subtle body surface movements in 
chimpanzees, expanding its potential application in animal psychology and wild 
primatology. 

Experiment 2 did not exhibit higher accuracy compared with Experiment 1. Based on 
the chimpanzee videos, subtle shaking of the arms and legs of the chimpanzees was 
observed. This factor is presumed to have reduced the accuracy of heart rate estimation. 
Developing a technique that enables heart rate estimation for individuals in a moving state 
is a future challenge (Iwata et al. 2021). 

Body surface movements are common among various animal species, suggesting a 
high potential for applying this method in large apes other than chimpanzees. Measuring 
the heart rate of apes in captivity can aid in the preservation of endangered ape species 
through regular health checkups. Additionally, by measuring the heart rate of wild apes, 
their health status can be assessed, providing valuable information for species 
conservation. Although the present study did not include measurement of respiration 
concurrently, the results suggest that it is possible to measure not only heart rate but also 
respiration rate in both samples, as the body surface movement associated with respiration 
is more prominent and easily captured. 

Experiments conducted on humans have demonstrated that the radar technology used 
in this study can localize the positions of multiple individuals with a single device (Koda 
et al. 2021). Therefore, the method of collecting vital information from multiple 
individuals using a single measuring device could potentially be applied to nonhuman 
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primates in the future. Considering zoonosis control measures (Santarpia et al. 2020), this 
approach holds promise for the health management of captive animals, such as those in 
zoos. For instance, in the future, it may be possible to use radar to measure the heartbeat 
of a sleeping animal while simultaneously localizing its location and setting threshold 
values to alert users in case of abnormalities. The ability to facilitate daily health 
management of multiple individuals is a significant advantage of millimeter-wave radar 
technology over other remote heart rate measurement methods. 

Future perspectives entail the development of analytical methods that can effectively 
filter out the movement of the target individual as noise, as well as validation in other 
great ape species. Concurrently, heart rate data of chimpanzees in both captive and wild 
settings will be collected to advance research in various fields. For example, chimpanzees 
actively participate in cognitive psychological experiments, providing valuable insights 
into the cognitive evolution of humans. Millimeter-wave radar heart rate measurements 
can provide additional fundamental information for such cognitive experiments (cf. Sato 
et al. 2018). Furthermore, applying this method to large apes in the wild holds potential 
for elucidating stressors within social groups and more accurately estimating metabolic 
rates, which was previously challenging.  
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■Tables and Figure Legends 
 
Table 1. Demographic characteristics and experimental conditions of chimpanzees 

The “Experiment” column indicates the experiment number. In the “Sex” column, “F” 
represents females, and “M” represents males. The “Birth year” and “Age” columns 
display the estimated birth year and age of the chimpanzees in October 2022, respectively. 
The “GAIN ID” column provides the ID of the chimpanzees in the Great Ape Information 
Network (GAIN; https://shigen.nig.ac.jp/gain/index.jsp). The “Place,” “State of 
anesthesia,” and “Activity” columns describe the location of the chimpanzees, their 
anesthesia condition, and movements during the experiments, respectively. 
 
Figure 1. Experimental setup for Experiment 1. 

The white arrow indicates the array radar equipment, whereas the dotted arrow 
indicates the placement of ECG sensors. Experiment 2 had a setup similar to that shown 
in this figure. 
 
Figure 2.  

Power spectral density functions estimated from ECG (red line) and radar (black 
line) for chimpanzee A (Musashi) 
 
Figure 3.  

Power spectral density functions estimated from ECG (red line) and radar (black 
line) for chimpanzee B (Nacky) 
 

https://shigen.nig.ac.jp/gain/index.jsp


Experiment Name Sex Birth year Age GAIN ID Place State of anesthesia Activity
1 Musashi M 1975(estimated) 47(estimated) 0417 examination table Rest No activity
2 Nakki F 1975(estimated) 47(estimated) 0268 examination table half awake Cramps in one arm

Table 1
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