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Materials and Methods 

Vocal anatomy 

For anatomical and phylogenetic analyses, we used laryngeal specimens preserved in 10% 

formalin at the Japan Monkey Centre (JMC) and the Primate Research Institute, Kyoto 

University (PRI). These larynges were excised from cadavers that died from other causes 

unrelated to this experiment at the JMC, Nagoya Higashiyama Zoo (NHZ), Fukuoka City 

Zoological Garden (FCZ), Kagoshima City Hirakawa Zoological Park (KHZ), Yokohama 

Zoological Gardens (YZ), Laboratory of Physical Anthropology, Graduate School of Science, 

Kyoto University (KPA), Kumamoto Sanctuary, Wildlife Research Centre, Kyoto University 

(KS), and the PRI. We scanned the prepared specimens using a micro-MRI scanner (BioSpec 

70/20 USR, Bruker, Billerica, MA, USA) at the Medical Research Support Center, Graduate 

School of Medicine, Kyoto University or using a micro-CT scanner (Skyscan 1275, Bruker) at 

the PRI. We used diffusible iodine-based contrast-enhanced CT (diceCT) (29). CT scanning was 

conducted after soaking the embalmed specimen at least overnight in water; then soaking the 

rinsed specimen in 25%, 50%, 75% methanol for 10 min each, and then in 100% methanol for 10 

min three times for dehydration; and dehydrated specimens were then soaked in a 5% solution of 

iodine potassium iodine (I2KI) for 1–406 days, depending on the condition of each specimen. 

After scanning, the stained specimens were bleached using a 1% solution of sodium thiosulfate. 

We used Mesquite ver. 3.6 (30) to infer the polarity of the character states of the vocal 

membrane, based on the known phylogenies of extant anthropoids (31–33). The degrees of the 

extension of the vocal membrane were coded on an ordinal scale: tall vocal membranes almost 

equivalent to or greater than the vocal fold height was coded as 3; moderate ones as 2; short or 

lip-like ones as 1; and no vocal membrane as 0. The data used in this study are listed in table S1. 

We then mapped this coded feature parsimoniously against the phylogeny of each original 

specimen, treating each as unordered and allowing changes to any types with the same 

probability. 

 

Legacy in vivo experiment with a chimpanzee 

Hayama et al. examined involuntary glottal closure—a reflex involved in swallowing a 

liquid—in several species of non-human primates and tree shrews (15). They used an adult male 

chimpanzee (Pan troglodytes) named Gon, weighing 45 kg, at the PRI on July 31, 1984. After 

the subject had been anesthetized intramuscularly with ketamine hydrochloride (10–15 mg/kg 

body weight), the nasal passage was treated with xylocaine to expand the passage and with 

adrenaline for vasoconstriction. A trans-nasal fibre scope (Bronchofiberscopy type 6c, Olympus 

Co., Tokyo, Japan) with a diameter of 6 mm was inserted trans-nasally into the anesthetized 

subject to record glottal behaviour. The experiments were performed before the publication of 

the 1st edition of the Guide for the Care and Use of Laboratory Primates of the PRI (1986). The 

original video recording data were lost but the duplicated data were saved in Beta video format at 

a frame rate of 30 frame per second (fps). The latter analog data were converted to a digital mpeg 

format for analysis. 

 

Ex vivo experiment with chimpanzee and macaque larynges 

Data acquisition ex vivo was conducted at Ritsumeikan University (RU), Kusatsu, Japan. 

Laryngeal samples for these experiments were excised from fresh cadavers after the natural 

death of two adult chimpanzees (“Aruku”, male, at KS; “Yuri”, female, at NHZ) and just after 

euthanasia of a brain-dead adult female subject (“Puchi”, at the PRI); and after the euthanasia of 
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six adult rhesus macaques (Macaca mulatta; males, Mm2076 and Mm2091; females, Mm1484, 

Mm1776, Mm2019, and Mm2098) at the PRI. Each instance of experimental euthanasia for 

rhesus macaques was conducted for other approved experiments according to the 3rd edition of 

the Guide for the Care and Use of Laboratory Primates of the PRI (2010) and each of them was 

approved by the Animal Welfare and Animal Care Committee of PRI. No ethical approval was 

required for the removal of larynges from these cadavers and thus for our experiment. The 

excised larynges were maintained in a pristine biomechanical condition through flash-freezing in 

liquid nitrogen immediately after removal and had been stored at –80 °C at each institution 

before being shipped to RU. Each larynx was then thawed, cleaned, and inspected, before being 

mounted on the experimental equipment. The larynx was then mounted on a vertical tube 

supplying heated humid air (~37 °C; 100% relative humidity). Compressed air was provided by a 

silent air compressor (SC820, Hitachi Koki, Tokyo, Japan), regulated by a pneumatic precision 

regulator (10202U, Fairchild Industrial Products Co., Winston-Salem, NC, USA). The ensuing 

airflow was further controlled with a digital mass flow controller (CMQ-V, Azbil Corp., Kyoto, 

Japan) through computer-controlled pressure ramps, to examine phonatory variations.  

To induce laryngeal tissue vibration, the glottal air space was closed by manual adduction 

of the arytenoid cartilages. In some cases, the thyroid cartilages were pulled infero-anteriorly to 

elongate the vocal membranes and folds manually. Simultaneously, the glottal behaviour was 

recorded from the top view with a high-speed video camera (Fastcam Mini AX200 or Nova S6, 

Photron, Tokyo, Japan) at frame rates of 6000 or 100000 fps, and acoustic and EGG signals were 

recorded with a pressure field microphone (4192-L-001, Brüel & Kjær, Nærum, Denmark) and 

amplified (2669 signal preamplifier & Nexus Conditioning Amplifier, Brüel & Kjær, Nærum, 

Denmark) and with an electroglottograph (EGG-A100, Laryngograph Ltd., Greater London, 

UK), respectively. Electroglottography provides a non-invasive means of assessing relative vocal 

fold contact area by measuring electrical impedance between two electrodes attached to either 

side of the laryngeal surface (2,4). All signals were captured using synchronized timing with a 

multifunction I/O module connected to an embedded controller (PXI-6143 & PXIe-8840 

QuadCore, National Instruments, Austin, TX, USA), digitized at 50 kHz. 

 

In vivo experiments with macaques 

For electric stimulation of the midbrain, two adult male rhesus macaques (Macaca mulatta, 

Mm2093 and Mm2110, weighing 7.2 kg and 7.0 kg, respectively), housed at the PRI, were used. 

A head holder was attached to each monkey’s skull surgically under aseptic conditions. The 

subject was anesthetized with intramuscular ketamine hydrochloride (2.5 mg/kg body weight) 

and medetomidine hydrochloride (0.1 mg/kg), and then with isoflurane (1–2%). Buprenorphine 

(0.01 mg/kg) was administered as an analgesic. The subject’s head was positioned in a 

stereotaxic apparatus. The skull was exposed, and the head holder was fixed onto the skull with 

anchor screws and dental acrylic resin. After a 1-week recovery period, the subject was 

anesthetized again with ketamine hydrochloride (2.5 mg/kg body weight) and medetomidine (0.1 

mg/kg body weight) and seated in a primate chair with their head fixed in a stereotaxic frame 

attached to the chair. Following a partial removal of the skull, a tungsten microelectrode (FHC 

Inc., Bowdoin, ME, USA) was inserted into the brain. The periaqueductal grey (PAG) and its 

surrounding area of the midbrain were mapped using electric stimulation (cathodal pulse trains; 

typical parameters: 0.2 ms pulse duration, 400 Hz repetition rate, 20–250 mA, 0.5 s train 

duration). When the brain was stimulated, evoked vocalizations and body movements were 

observed carefully and recorded using a digital video camera (HDR-CX720, Sony, Tokyo). 
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Glottal behaviour was recorded from the top view using a borescope with a view angle of 70° 

(BAL-72718HT, Shodensha, Osaka, Japan) attached to a high-speed video camera (Fastcam 

Nova S6) at frame rates of 4000 to 20000 fps. The acoustic and electroglottographic signals were 

recorded with an electroglottograph (EGG-A100, Laryngograph Ltd., Greater London, UK) and 

were captured with audio software (Audacity, Audacity Team, https://audacityteam.org/), 

digitized at 44.1 kHz. At the end of the first stimulation session, a plastic chamber was fixed onto 

the skull to cover the dural surface. The phonatory process was well documented for 28 calls. 

Experimental euthanasia for each subject was performed following the other neuroanatomical 

experiments in which they were injected with neural tracers to examine the neuroanatomical 

bases for vocalization. These neuroanatomical experiments require euthanasia, but no animals 

were sacrificed solely for the purposes of our experiments. The neuroanatomical experiments 

were planned along with our studies, and the experimental procedures involved in our studies 

were approved alongside those of neuroanatomical study. These experiments, including our 

studies, were conducted according to the 3rd edition of the Guide for the Care and Use of 

Laboratory Primates of the PRI (2010), and were approved by the Animal Welfare and Animal 

Care Committee of PRI (permissions #2020-096, #2020-198, #2020-217, and #2021-063, TN 

and SM). 

 

In vivo experiment with squirrel monkeys 

For electric stimulation of the midbrain, two male common squirrel monkeys (Saimiri 

sciureus; weighing 1092 and 734 g), housed at the German Primate Center in Göttingen, were 

used on November 25 to 27, 1999. A 30 by 30 mm Paladur dental cement platform was 

cemented onto each monkey’s skull in a stereotaxic operation under deep anaesthesia (40 mg/kg 

pentobarbital sodium) three weeks prior to the experiment. The platform contained an array of 

guiding tubes allowing the stereotaxic implantation of stimulation electrodes. One week before 

the experiment stimulation electrodes were implanted into the periaqueductal grey, at sites 

yielding vocalization. The electrodes consisted of a stainless steel tube (o.d. 0.47 mm) and a 

teflon insulated stainless steel wire of 0.15 mm protruding 2 mm from the tube and being 

uninsulated at the tip for 1 mm. Experiments were performed under anaesthesia (30 mg 

ketamine, 6 mg xylazine, 0.66 mg atropine sulphate dissolved in 0.6 ml sterile water, per kg 

body weight). During the experiments, vocalizations were elicited by electrical stimulation 

through the implanted electrodes. Stimulation trains consisted of bipolar, rectangular current 

pulses (1 ms duration, 23–60 Hz repetition rate, 65–120 mA, 0.5–8 second train duration). When 

the brain was stimulated, evoked vocalizations and body movements were observed carefully 

and recorded using a digital video camera (HDR-CX720, Sony, Tokyo). Glottal behaviour was 

recorded from the top view using a trans-nasal fibre scope (Angioscope type AF-22A, Olympus 

Co., Tokyo, Japan; with a diameter of 2.2 mm) attached to a video cassette recorder (type NV-

HS900, SVHS, Panasonic Co., Kadoma, Japan) with camera unit (OTV-A, PAL standard, 

Olympus Co., Tokyo, Japan), and with a high-speed video camera (Hi-G Camera Head, type 

9400-0016, Redlake Imaging Corporation, Tucson, AZ, USA) at frame rates of 250 to 2000 fps. 

The high-speed video footage was initially recorded direct to hard disk, then duplicated in DAT8 

tape. The acoustic signals were recorded with a microphone (4176, Bruel & Kjaer) and amplified 

with a precision sound level meter (2235, Bruel & Kjaer) and a sound level calibrator (4230, 

Bruel & Kjaer), digitized at 44.1 kHz. A wide range of vocalizations were documented. 

Experimental euthanasia for each subject was performed following other neuroanatomical 

experiments in which they were injected with neural tracers to examine the neuroanatomical 



 

 

5 

 

bases for vocalization. These neuroanatomical experiments require euthanasia, but no animals 

were sacrificed solely for the purposes of our experiments. The neuroanatomical experiments 

were planned along with our studies, and the experimental procedures involved in our studies 

were approved alongside those of neuroanatomical study. These experiments, including our 

studies, were conducted according to the European Communities Council Directive of November 

24, 1986 (86/609/EEC), and were approved by the animal ethics committee of the district 

government Braunschweig, Lower Saxony, Germany (permission #509.42502/08-04.99, UJ). 

 

Numerical simulation of the mathematical model 

To elucidate our experimental findings, a mathematical model for the vocal membrane was 

simulated. Our model is based on that proposed by Neubauer in 2004 (Fig. 3D; 21). Figure 3D 

illustrates the model configuration. The vocal folds are described by a standard two-mass model 

with lower and upper masses (𝑚1, 𝑚2). On the upper mass, the vocal membrane is attached as a 

reed-like plate.  

The model is based on the following assumptions: 

1. Symmetrical movement is assumed between the left and right vocal folds and between 

the left and right vocal membranes. 

2. Influence of the sub- and supra-glottal resonances is ignored. 

3. Additional pressure drop at the inlet is ignored, while only the Bernoulli flow below the 

narrowest part of the glottis is considered. 

4. Collision forces during contact of the left and right vocal membranes are neglected. 

The model equations are as follows: 

𝑚1�̈�1 + 𝑟1�̇�1 + 𝑘1𝑥1 + 𝑘𝑐(𝑥1 − 𝑥2) = 𝑙𝑑1𝑝1 + 𝐻(−𝑎1)𝑐1

|𝑎1|

2𝑙
, 

(𝑚2 + 𝑚3)�̈�2 + 𝑟2�̇�2 + 𝑘2𝑥2 + 𝑘𝑐(𝑥2 − 𝑥1) −
1

2
𝑚3𝑑3(�̈� cos 𝜃𝑎 −�̇�2 sin 𝜃𝑎) 

= 𝑙𝑑2𝑝2 + 𝑙 ∫ 𝑝3(𝑦)𝑑𝑦
𝑑3cos 𝜃𝑎   

0

+ 𝐻(−𝑎2)𝑐2

|𝑎2|

2𝑙
, 

𝑚3

𝑑3
2

3
�̈� + 𝑟3�̇�+𝑘3(𝜃 + 𝜂𝜃3) −

1

2
𝑚3𝑑3�̈�2 cos  𝜃𝑎  =

−𝑙

cos2𝜃𝑎 
∫ 𝑦 𝑝3(𝑦)𝑑𝑦

𝑑3 cos 𝜃𝑎 

0

. 

The dynamical variables 𝑥𝑖(𝑡) represent displacements of the two masses (i=1, lower 

mass; i=2, upper mass), while 𝜃𝑎(𝑡) = 𝜃0 + 𝜃(𝑡) represents the angle of the vocal membrane 

(𝜃0, pre-phonatory angle; 𝜃, deviation from 𝜃0). The constant parameters 𝑚𝑖 , 𝑟𝑖 ,  𝑘𝑖 , 𝑐𝑖 , 𝑑𝑖 

represent the mass, damping, stiffness, collision stiffness, and thickness of the two masses (𝑖 =
1,2) and the vocal membrane (𝑖 = 3), respectively, while the parameter 𝑘𝑐  is a coupling 

between the two masses. For the stiffness of the vocal membrane, cubic non-linearity was 

considered with a constant 𝜂. The collision function is approximated as 𝐻(𝑥) = 0 for 𝑥 ≤ 0 

and 𝐻(𝑥) =tanh(1000𝑥) for 𝑥 > 0. The glottal areas of the lower and upper masses are given 

by 𝑎𝑖 = 2𝑙(𝑥0𝑖 + 𝑥𝑖) (𝑖 = 1,2), where 𝑥0𝑖 is a pre-phonatory distance and l is the glottal length. 

The area function along the vocal membrane is given by 𝑎3(𝑦) = 𝑎2 − 2 𝑙 𝑦 tan 𝜃𝑎 (0 ≤  𝑦 ≤
 𝑑3 cos 𝜃𝑎 ), while the area at the tip of the vocal membrane is 𝑎𝑣𝑚 = 𝑎3(𝑑3 cos 𝜃𝑎) = 𝑎2 −
2 𝑙 𝑑3  sin 𝜃𝑎. Among the three glottal areas, the narrowest area is determined as 𝑎𝑚𝑖𝑛 =
𝑚𝑖𝑛 (𝑎1, 𝑎2, 𝑎𝑣𝑚). The pressures acting on the two masses and the vocal membrane, and the 

glottal volume flow are given by: 
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𝑝1 = 𝑝𝑠 (1 − (
𝑎𝑚𝑖𝑛 𝐻(𝑎𝑚𝑖𝑛)

𝑎1
)

2

) 𝐻(𝑎1), 

𝑝2 = 𝑝𝑠 (1 − (
𝑎𝑚𝑖𝑛 𝐻(𝑎𝑚𝑖𝑛)

𝑎2
)

2

) 𝐻(𝑎1)𝐻(𝑎2)𝐻(𝑎1 − 𝑎𝑣𝑚)𝐻(𝑎2 − 𝑎𝑣𝑚), 

𝑝3(𝑦) = 𝑝𝑠 (1 − (
𝑎𝑚𝑖𝑛 𝐻(𝑎𝑚𝑖𝑛)

𝑎3(𝑦)
)

2

) 𝐻(𝑎1)𝐻(𝑎2)𝐻(𝑎1 − 𝑎𝑣𝑚)𝐻(𝑎2 − 𝑎𝑣𝑚), 

𝑈 = √
2𝑝𝑠

𝜚
𝑎𝑚𝑖𝑛𝐻(𝑎𝑚𝑖𝑛), 

where 𝑃𝑠 represents the subglottal pressure and 𝜚 is the air density. 

To simulate the vocal membrane dynamics, parameter values of the model were adopted 

from the standard setting of the two-mass model as: 𝑚1 = 0.125 g; 𝑚2 = 0.025 g; 𝑚3 =
0.0025 g; 𝑑1 = 0.25cm; 𝑑2 = 0.05cm; 𝑑3 = 0.05cm; 𝑘1 = 0.08g⋅ms-2; 𝑘2 = 0.008g⋅ms-2; 

𝑘3 = 10−6g⋅cm2⋅ms-2; 𝑘𝑐 = 0.025 g⋅ms-2; 𝜂 = 1; 𝑐1 = 3𝑘1; 𝑐2 = 3𝑘2; 𝑟1 = 0.02 g⋅ms-1; 

𝑟2 = 0.02 g⋅ms-1; 𝑟3 = 2 ⋅ 10−6 g⋅cm2⋅ms-1; 𝑥01 = 0.05/𝑙 cm; 𝑥02 = 0.05/𝑙 cm; 𝜃0 = 0.01𝜋 

rad; 𝑙 = 1.4 cm; 𝜚 = 0.0013 g⋅cm-3; 𝑝𝑠 = 0.8 kPa. 

Although the standard parameter setting was originally developed for analysing the human 

voice, it has been applied widely to animal vocalizations (3,15,22). The differential equations 

were solved using the solver ode23 implemented in MATLAB (R2020a; MathWorks, Natick, 

MA, USA). To reproduce the three oscillation patterns observed, the simulation conditions were 

set as follows. To realize vibrations of only the vocal membrane, the vocal membrane and the 

upper mass were adducted, while the lower mass was abducted (𝑥01 = 0.25/𝑙 cm, 𝑥02 =
0.015/𝑙 cm; upper panel of fig. S3F). Abduction of the lower mass in the model led to 

vibrations of only the vocal membranes as seen in chimpanzees ex vivo (see Fig. 2, B and C). To 

simulate in-phase oscillations of the vocal folds and membranes, their mutual coupling was 

strengthened (𝑘𝑐 = 0.05g/ms2; middle panel of fig. S3F). To simulate their out-of-phase 

oscillations, their mutual coupling was reduced (𝑘𝑐 = 0.01g/ms2, lower panel of fig. S3F). This 

adduction of both the upper and lower parts induced co-vibrations of the vocal membranes and 

folds either in-phase (see Fig. 2, D and E) or phase-delayed as seen in chimpanzees ex vivo (see 

Fig. 2, F and G). To draw the bifurcation diagram, the adduction parameter (i.e., prephonatory 

glottal area defined as 𝑎0 = 𝑙 𝑥01 = 𝑙 𝑥02) was increased from 𝑎0 = 0.005 cm2 to 𝑎0 = 0.08 

cm2 (Fig. 3E). For comparison, the vocal fold model without a vocal membrane was simulated in 

the same manner (Fig. 3G). The subglottal pressure was also increased from 𝑝𝑠 = 0 kPa to 𝑝𝑠 =
1 kPa (fig. S3G). For comparison, the vocal fold model without a vocal membrane was simulated 

in the same manner (fig. S3H). 

 

Supplementary Text 

Histological investigation, including the effects of fixation on the vocal membrane 

The presence or absence of a “vocal membrane” or “vocal lip” is erratically described in the 

older anatomical literature, suggesting that its presence or absence may be influenced by 

formalin or alcohol fixation (or absence of fixation). We therefore examined the effects of 

fixation on the larynx, corroborating that the vocal membranes described in this manuscript are 

real anatomical features and not an artefact of the fixation process.  
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We scanned the same laryngeal specimen, extracted from a female rhesus macaque 

(Macaca mulatta) cadaver, before and after fixation with 10% formalin, in order to examine any 

modifications to vocal fold anatomy or glottal configuration. The unfixed larynx shows a thick 

appendage separated from the vocal fold by a shallow sulcus (fig. S4, A, B, E, and F), while the 

fixed larynx shows a thinner appendage, i.e. the “vocal membrane”, separated from the vocal 

fold by a shallow sulcus (fig. S4, C, D, G, and H). The presence of the shallow sulcus before and 

after fixation indicates that a thick appendage before fixation corresponds the thinner appendage 

and that the vocal membrane is a valid anatomical feature before fixation, separated from the 

vocal folds by a sulcus. The fact that the vocal membrane is thicker before than after fixation  

adds additional credibility to our finding that the vocal membrane plays a role as a vibrator. 

Regardless of its thickness, this feature is well modelled as a reed-like plate, with a parameter of 

thickness, connected to the upper mass of the vocal fold, as we did in our models. 

We studied the histological composition of the vocal fold and vocal membrane in 

chimpanzees, to examine how the thicker vocal membrane is modified to be thinner after 

fixation. The vocal fold is histologically composed of the epithelium, lamina propria, and 

thyroarytenoid muscle. We observed the histological composition of the lamina propria, in which 

the fibrous tissues of elastic and collagen fibres are denser superficially in the vocal fold and 

such a fibrous layer extends upwards into the vocal membrane, in the chimpanzee, and the sparse 

fibrous tissue occupies the superior portion of the vocal fold that is under the floor of the 

laryngeal ventricle (fig. S4, I to L). While a composition similar to this is known in macaques, it 

differs from that in humans (34). Humans lack a vocal membrane, and the human lamina propria 

has three layers: the deep layer is mainly composed of collagen fibers and covers the 

thyroarytenoid muscle to maintain its form; the intermediate layer is mainly composed of elastic 

fibres to facilitate extending and restoring of the vocal fold; and the superficial layer has sparse 

fibrous tissues to facilitate the mucosal wave of the vocal fold vibration (35). It should be noted 

that such a sparse fibrous superficial space is not detected in chimpanzees and macaques. 

Alternatively, the fibrous space occupies the lamina propria of the vocal fold and extends to the 

vocal membrane, but it does not continuously extend at the superior portions of the vocal folds in 

macaques (34) and chimpanzees. The superior portion is probably composed of the lateral part of 

the thick vocal membrane before fixation, together with the medial portion of the thick vocal 

membrane that remains as the visible “vocal membrane” after fixation. Such a difference in 

histological composition between the two portions of the thick vocal membrane leads to a 

distinct fixation effect on each of them. This leaves a thin fibrous vocal membrane after the 

superior portion has shrunk. 

 

Materials and Methods 

CT scanning. The laryngeal sample was donated to us following euthanasia for a different 

research project of an adult female rhesus macaque, Macaca mulatta (Mm2096) at PRI. The 

euthanasia was conducted for approved experiments according to the third edition of the Guide 

for the Care and Use of Laboratory Primates of the PRI (2010) and was approved by the Animal 

Welfare and Animal Care Committee of PRI. No ethical approval was required for this part of 

our work, as the sample was a donation from a distinct project. The excised larynx was flash-

frozen in liquid nitrogen and stored at -80 °C. The sample was then thawed, cleaned, and 

inspected, and we scanned the unfixed larynx using a micro CT scanner (Skyscan 1275, Bruker) 

at PRI. Then, we scanned the same larynx again after it was stored in 10% formalin for 18 hours. 

Photographs were also taken before and after fixation.  
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Histological staining. Histological sections were made from the larynx of an adult male 

chimpanzee (“Daio”) at KS. No ethical approval was required as the specimen was donated after 

natural death. The laryngeal sample was stored in 10% formalin, and the excised tissue was then 

embedded in paraffin and 5µm cross-sections were made for staining. Adjacent sections excised 

from the mid-membranous part of the vocal fold were stained by hematoxylin and eosin stain 

(fig. S4I) for a general evaluation; elastica van Gieson stain (fig. S4J) for indicating elastic fibers 

in black; by trichrome stain (fig. S4K) for indicating collagen fibers in blue; and by Alcian blue 

stain (fig. S4L) for elastic fibers in blue. The staining was conducted at the Tohkai 

Cytopathology Institute, Gifu, Japan  
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Fig. S1. 

Laryngeal anatomy in non-human anthropoids. Frontal scans of the mid-membranous part of 

the vocal membrane and fold in: (A) a monk saki monkey, Pithecia monachus; (B) a dusky titi 

monkey, Callicebus moloch; (C) a white-fronted capuchin, Cebus albifrons; (D) a tufted 

capuchin, Sapajus apella; (E) an owl monkey, Aotus trivirgatus; (F) a cotton-top tamarin, 

Saguinus oedipus; (G) a golden lion tamarin, Leontopithecus rosalia; (H) a proboscis monkey, 
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Nasalis larvatus; (I) a Hanuman langur, Semnopithecus entellus; (J) a patas monkey, 

Erythrocebus patas; (K) a mandrill, Mandrillus sphinx; (L) a yellow baboon, Papio 

cynocephalus; (M) a black crested gibbon, Nomascus concolor; (N) a siamang, Symphalangus 

syndactylus; (O) a hoolock gibbon, Hoolock hoolock; and (P) a chimpanzee, Pan troglodytes. 

The distinct anatomy of the vocal membrane in gibbons and siamangs (M–O) are suggestive of a 

capability of the vocal fold to vibrate alone, avoiding the spontaneous instabilities in temporal 

modifications of fundamental frequencies for the unique singing behaviors of these species. Key: 

ta, thyroarytenoid muscle; vef, ventricular fold; vf, vocal fold; and vm, vocal membrane 

(transverse scale bar = 5 mm; vertical scale bar = 2.5 mm). 
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Fig. S2. 

Vibrations of the vocal membrane and vocal fold in vivo and ex vivo in rhesus macaques, 

Macaca mulatta. (A–B) Only the vocal membranes vibrate, while the vocal folds do not, in a 

male subject in vivo (Mm2110 at PRI; movie S4). (C–D) The vocal membrane and the vocal 

fold vibrate to close the glottal gap in-phase, while the vocal membrane has a fourth period of the 

vocal fold period in vivo (movie S5A). (E–F) The vocal membrane and the vocal fold both 

vibrate out-of-phase in vivo (movie S5B). (G–H) Only the vocal membranes vibrate ex vivo, 

while the vocal folds do not (movie S5C). (I–J) The vocal membranes and fold vibrate in-phase 

to close the glottal gap, while the vocal membrane has a fourth period of the vocal fold period ex 

vivo (movie S6A). (K–L) The vocal membranes and vocal fold both vibrate out-of-phase ex vivo 

(movie S6B). A, C, E, G, I, and K, digital kymograph to show a time-series of glottal vibration. 

Left, a top-view image of the glottis extracted from high speed video recordings, and the dotted 

line for creating the digital kymograph shown at right. Right, digital kymograph created at the 

dotted line. B, D, and F, indicate acoustic signals with correlated vibrations. H, J, and L, show 

measurements and correlates of vibration in the excised larynx: electroglottographic (upper 

panel) and acoustic (lower panel) signals. Key: vf, vocal fold; vm, vocal membrane. 

-0.1
-0.05

0

-0.5
0.05

0
0.5

0 5 10 15 20
Time (ms)

5 10 15 20
Time (ms)

vm vf vm

Time (ms)
0 5 10 15 20

-0.4
-0.2

-0.2
0.2
0

0

105 2015
Time (ms)

vf

vm vf

vm

2 4
Time (ms)

6 8 10

vm vm

-0.2

-0.4
0.2

0

0

0 2 4 6
Time (ms)

8 10

2
Time (ms)

4 6

vm vm

vfvf
0 2 4

Time (ms)
6

-0.1

0

0.1

0.2

155
Time (ms)

10

vm
vm

vf
0 5

Time (ms)
10 15

-0.02

0

0.02

0.04

3010
Time (ms)

20

vm

vm

vf

vm

0 10 20
Time (ms)

30-0.4

-0.2

0

-0.04

0.4

0.2

K

I

G

L

J

H

E

C

A

F

D

B



12 

Fig. S3. 

Bifurcation observed in vivo in common squirrel monkeys and rhesus macaques and 

numerical simulation of the mathematical model. (A) Sound spectrograph of bifurcation in 

vivo in a rhesus monkey, Macaca mulatta. (B) digital kymographs (right) and measurements of 

electroglottograph signals (left) for a stable phonation at 0.140 second of A (same to fig S2E); 

and (C) for a fluctuated phonation at 0.23 second of A. (D) digital kymographs (upper panel) and 

sound spectrograph (lower panel) of bifurcation in vivo in a male common squirrel monkey, 

Saimiri sciureus. Arrows indicates the changes of stable/chaotic phenomena. While the current 

high-speed video data is too low at frame rate compared to the vibration rate in vivo to visualize 

the vibration, the chaotic episodes were observed when strongly adducting the arytenoids (the 

glottal space was closed in digital kymographs) and the periodicity was observed when mildly 

adducting the arytenoids (the glottal space was open in digital kymographs). (E) digital 

kymographs (upper) and sound spectrograph (lower) of stable calls in vivo in a male common 

squirrel monkey at GPC. The periodicity was observed when mildly adducting the arytenoids 

(the glottal space was open in digital kymographs). (F) Time traces of the opening areas of the 

vocal folds and membrane (left) and the corresponding glottal flow (right). Three typical 

oscillation patterns are shown from top to bottom. (G) Bifurcation diagram drawn by slowly 
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increasing the subglottal pressure (𝑃𝑠 ∈ [0, 1]) in the non-human model having the vocal

membrane and (H) the human model having no vocal membrane. 
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Fig. S4. 

CT scans of the glottis before and after fixation in a rhesus macaque and histological 

sections of the mid-membranous part in a chimpanzee. CT frontal sections (A-D) and photos 

of the medial surface (E-H) of the hemi larynx in a rhesus macaque, Macaca mulatta, before (A, 

B, E, F) and after (C, D, G, H) fixation. B, D, F, and H were taken from the box in A, C, E, and 

G, respectively. (I-L) Histological sections of the mid-membranous part of the vocal membrane 

and fold in a chimpanzee, Pan troglodytes. (I) Hematoxylin and eosin stains; (J) elastica van 

Gieson stains; (K) trichrome stains; and (L) Alcian blue stains. The sections with three later 

stains (J-L) were taken from the box in I, respectively. s, sulcus; ta, thyroarytenoid muscle; vf, 

vocal fold; vm, vocal membrane; and vef, ventricular fold. Scale is 5 mm. 
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Table S1. 

Specimens and sample used for this study, and codes of the vocal membrane features. 

Group Species Sex* Institution** ID # / name Modality Voxel(mm) Code 

Ex vivo experiments 
Hominidae Pan troglodytes verus M KS Aruku 

Hominidae Pan troglodytes verus F PRI Puchi 

Hominidae Pan troglodytes verus F NHZ Yuri 

Cercopithecidae Macaca mulatta F PRI Mm1776 

Cercopithecidae Macaca mulatta F PRI Mm2079 
Cercopithecidae Macaca mulatta M PRI Mm2091 

Cercopithecidae Macaca mulatta F PRI Mm1484 

Cercopithecidae Macaca mulatta F PRI Mm2098 

Cercopithecidae Macaca mulatta M PRI Mm2019 

Imaging 
Platyrrhini Aotus trivirgatus M JMC Pr 2208 DiceCT 0.010 3 

Platyrrhini Ateles geoffroyi F JMC Pr 3295 microMRI 0.080 3 

Platyrrhini Ateles paniscus F JMC Pr 2446 DiceCT 0.020 3 

Platyrrhini Callicebus moloch donacophilus F JMC Pr 2455 DiceCT 0.012 3 

Platyrrhini Callicebus moloch donacophilus F JMC Pr 2666 DiceCT 0.010 3 
Platyrrhini Callicebus moloch donacophilus F JMC Pr 2667 DiceCT 0.010 3 

Platyrrhini Callicebus moloch donacophilus F JMC Pr 2672 DiceCT 0.010 3 

Platyrrhini Callicebus torquatus M JMC Pr 2557 DiceCT 0.018 3 

Platyrrhini Callithrix geoffroi F JMC Pr 2321 DiceCT 0.012 3 

Platyrrhini Callithrix jacchus F JMC Pr 3218 DiceCT 0.010 3 
Platyrrhini Cebus albifrons F JMC Pr 2407 DiceCT 0.017 3 

Platyrrhini Cebus albifrons M JMC Pr 2497 DiceCT 0.013 3 

Platyrrhini Cebus capuchinus F JMC Pr 2596 microMRI 0.080 3 

Platyrrhini Cebus nigrivittatus M JMC Pr 2339 DiceCT 0.013 3 
Platyrrhini Leontopithecus rosalia M JMC Pr 2906 DiceCT 0.009 3 

Platyrrhini Pithecia mocachus M JMC Pr 2200 DiceCT 0.010 3 

Platyrrhini Saguinus mystax F JMC Pr 2314 DiceCT 0.011 3 

Platyrrhini Saguinus oedipus F JMC Pr 3166 DiceCT 0.010 3 

Platyrrhini Saimiri sciureus M JMC Pr 2713 DiceCT 0.012 2 
Platyrrhini Saimiri sciureus F JMC Pr 2939 DiceCT 0.009 3 

Platyrrhini Sapajus apella F JMC Pr 2697 DiceCT 0.018 3 

Platyrrhini Sapajus apella M JMC Pr 2746 DiceCT 0.015 3 

Cercopithecidae Cercopithecus albogularis M JMC Pr 3235 DiceCT 0.018 1 

Cercopithecidae Cercopithecus ascanius M JMC Pr 2316 DiceCT 0.018 1 
Cercopithecidae Cercopithecus ascanius M JMC Pr 2316 microMRI 0.055 1 

Cercopithecidae Cercopithecus l'hoesti F JMC Pr 2416 DiceCT 0.015 1 

Cercopithecidae Cercopithecus l'hoesti M JMC Pr 3230 DiceCT 0.015 1 

Cercopithecidae Cercopithecus mona F JMC Pr 2327 DiceCT 0.015 1 

Cercopithecidae Cercopithecus mona M JMC Pr 2536 DiceCT 0.018 1 
Cercopithecidae Cercopithecus petaurista buettikoferi M JMC Pr 3095 microMRI 0.055 1 

Cercopithecidae Erythrocebus patas M JMC Pr 2604 DiceCT 0.018 1 

Cercopithecidae Erythrocebus patas F JMC Pr 2707 DiceCT 0.015 1 

Cercopithecidae Macaca assamensis F JMC Pr 2289 DiceCT 0.020 2 

Cercopithecidae Macaca fascicularis F JMC Pr 2792 DiceCT 0.016 2 
Cercopithecidae Macaca fascicularis M JMC Pr 3029 DiceCT 0.018 1 

Cercopithecidae Macaca fuscata fuscata M JMC Pr 2297 DiceCT 0.020 1 

Cercopithecidae Macaca fuscata fuscata M JMC Pr 2297 microMRI 0.080 1 

Cercopithecidae Macaca fuscata fuscata F JMC Pr 6105 DiceCT 0.022 1 

Cercopithecidae Macaca fuscata fuscata F JMC Pr 6247 DiceCT 0.022 1 
Cercopithecidae Macaca fuscata fuscata F JMC Pr 6493 DiceCT 0.022 1 

Cercopithecidae Macaca fuscata yakui M JMC Pr 6653 DiceCT 0.018 1 

Cercopithecidae Macaca mulatta F JMC Pr 2301 DiceCT 0.020 1 

Cercopithecidae Macaca mulatta F JMC Pr 2431 DiceCT 0.015 1 

Cercopithecidae Macaca mulatta F JMC Pr 2431 microMRI 0.055 1 
Cercopithecidae Macaca mulatta F PRI Mm1960 DiceCT 0.017 1 

Cercopithecidae Macaca nigra M JMC Pr 2913 DiceCT 0.018 1 

Cercopithecidae Macaca radiata F JMC Pr 3360 DiceCT 0.018 2 

Cercopithecidae Mandrillus sphinx F JMC Pr 3395 DiceCT 0.015 1 

Cercopithecidae Nasalis larvatus M JMC Pr 2777 DiceCT 0.020 1 
Cercopithecidae Nasalis larvatus M JMC Pr 2777 microMRI 0.080 1 

Cercopithecidae Papio cynocephalus M JMC Pr 2167 microMRI 0.080 1 

Cercopithecidae Papio cynocephalus F JMC Pr 2581 DiceCT 0.026 1 

Cercopithecidae Semnopithecus entellus F JMC Pr 3249 DiceCT 0.018 1 
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Cercopithecidae Semnopithecus entellus M JMC Pr 3393 DiceCT 0.015 1 

Cercopithecidae Trachypithecus obscurus F JMC Pr 2466 DiceCT 0.020 2 

Cercopithecidae Trachypithecus obscurus M JMC Pr 2751 DiceCT 0.009 1 

Hominidae Gorilla gorilla gorilla M NHZ Rikki DiceCT 0.045 2 
Hominidae Gorilla gorilla gorilla M FCZ Wilie microMRI 0.115 1 

Hominidae Pan troglodytes M PRI PRISK 8829 DiceCT 0.030 2 

Hominidae Pan troglodytes M PRI PRISK 8829 microMRI 0.098 2 

Hominidae Pan troglodytes verus M KS Aruku DiceCT 0.030 1 

Hominidae Pan troglodytes verus M KS Tetsu DiceCT 0.030 1 
Hominidae Pongo pygmaeus pygmaeus M JMC Pr 5011 DiceCT 0.050 3 

Hominidae Pongo pygmaeus abelli M NHZ Baran microMRI 0.098 3 

Hominidae Pongo pygmaeus F KPA Jinrui microMRI 0.080 1 

Hylobatidae Hoolock hoolock F JMC Pr 2364 DiceCT 0.020 3 

Hylobatidae Hoolock hoolock F JMC Pr 2364 microMRI 0.080 3 
Hylobatidae Hoolock hoolock n/a PRI PRISK 7956 DiceCT 0.025 1 

Hylobatidae Hoolock hoolock n/a PRI PRISK 7956 microMRI 0.080 1 

Hylobatidae Hylobates agilis F JMC Pr 2191 microMRI 0.080 2 

Hylobatidae Hylobates agilis M JMC Pr 2698 DiceCT 0.012 2 

Hylobatidae Hylobates agilis M JMC Pr 2698 microMRI 0.055 2 
Hylobatidae Hylobates lar M JMC Pr 2641 microMRI 0.080 2 

Hylobatidae Hylobates lar F JMC Pr 2646 DiceCT 0.020 2 

Hylobatidae Hylobates lar F JMC Pr 2646 microMRI 0.080 2 

Hylobatidae Hylobates lar M JMC Pr 2653 DiceCT 0.012 2 

Hylobatidae Hylobates lar M JMC Pr 3314 DiceCT 0.015 2 
Hylobatidae Hylobates moloch F JMC Pr 2686 DiceCT 0.015 1 

Hylobatidae Hylobates moloch F JMC Pr 2686 microMRI 0.080 1 

Hylobatidae Hylobates pileatus M PRI PRISK 7690 DiceCT 0.020 3 

Hylobatidae Hylobates pileatus M PRI PRISK 7690 microMRI 0.080 3 

Hylobatidae Hylobates pileatus F YZ Keiko microMRI 0.080 1 
Hylobatidae Nomascus concolor M JMC Pr 2717 DiceCT 0.018 3 

Hylobatidae Nomascus concolor M JMC Pr 2717 microMRI 0.055 3 

Hylobatidae Symphalangus syndactylus F KHZ Monroe DiceCT 0.030 1 

Hylobatidae Symphalangus syndactylus F KHZ Monroe microMRI 0.098 1 

Fixation effects 

Cercopithecidae Macaca mulatta F PRI Mm2096 microCT 0.020 

Histological sections 

Hominidae Pan troglodytes verus M KS Daio 

*abbreviation: M, male; F, female.

**abbreviation: FCZ, Fukuoka City Zoological Garden; JMC, Japan Monkey Centre; KHZ,

Kagoshima City Hirakawa Zoological Park; KPA, Laboratory of Physical Anthropology,

Graduate School of Science, Kyoto University; KS, Kumamoto Sanctuary, Wildlife Research

Center of Kyoto University; NHZ, Nagoya Higashiyama Zoo; PRI, Primate Research Institute of

Kyoto University; YZ, Yokohama Zoological Gardens
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