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Abstract

This study measured automatic walking synchronization and how it associates with social

impression. Previous studies discovered positive social consequence of motor synchrony

with ecological paradigms (e.g. body movement synchrony between therapists and patients

in clinical sessions, and the synchrony of side-by-side walkers). However, most studies of

joint movement with high ecological validity face the same challenge, namely that conversa-

tions between participants might be the main or a partial contributor to the observed social

benefits, as conversation is well documented to promote understanding and motor synchro-

nization. We addressed this issue by using a novel paradigm to remove the conversation

component and examined how synchrony per se interacted with social impression. Partici-

pants were paired to walk side by side in silence (i.e. without conversation) and their social

impression toward each other was rated before/after the paired walk. Our results showed

that walkers’ first impression was positively associated with their step synchronization rate

in the silent paired walk. Together with past findings, the bi-directional relation between

body entrainment and social functions suggests that implicit nonverbal communication

plays a significant role in providing a basis for interpersonal interaction.

Introduction

Human life frequently involves coordinating our movements with those of others–for exam-

ple, marching in a group or walking side by side. Our movements can synchronize with others

either consciously or unconsciously. In implicit synchrony, actors do not share an explicit goal

to move synchronously; while in explicit synchrony, actors intentionally coordinated their

movements in a synchronous pattern. Explicit motor synchrony occurs in situations where

individuals voluntarily coordinate action to be synchronized and actors are aware of the syn-

chronicity, such as when marching or dancing, or during musical performance. Motor syn-

chrony can also be unintentional and spontaneous. For example, people unconsciously

synchronize steps with each other while walking side by side, or when audience involuntarily

clap in synchrony. It is not yet known whether these two classes of motor synchronization

share the same operational algorithms or neuronal mechanisms.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227880 February 21, 2020 1 / 22

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Cheng M, Kato M, Saunders JA, Tseng C-

h (2020) Paired walkers with better first impression

synchronize better. PLoS ONE 15(2): e0227880.

https://doi.org/10.1371/journal.pone.0227880

Editor: Thomas A. Stoffregen, University of

Minnesota, UNITED STATES

Received: September 10, 2019

Accepted: December 31, 2019

Published: February 21, 2020

Copyright: © 2020 Cheng et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: Tseng is supported by the Cooperative

Research Project Program from Research Institute

of Electrical Communication at Tohoku University,

Tohoku University Center for Gender Equality

Promotion (TUMUG), and Grant-in-Aid for

Scientific Research on Innovative Areas (No.

18H04180) “Construction of the Face-Body Studies

in Transcultural Conditions”. These funders do not

play any role in the study design, data collection

and analysis, decision to publish, preparation of the

http://orcid.org/0000-0002-6385-5669
https://doi.org/10.1371/journal.pone.0227880
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0227880&domain=pdf&date_stamp=2020-02-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0227880&domain=pdf&date_stamp=2020-02-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0227880&domain=pdf&date_stamp=2020-02-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0227880&domain=pdf&date_stamp=2020-02-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0227880&domain=pdf&date_stamp=2020-02-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0227880&domain=pdf&date_stamp=2020-02-21
https://doi.org/10.1371/journal.pone.0227880
http://creativecommons.org/licenses/by/4.0/


Existing research has suggested a bidirectional relationship between motor synchrony and

social factors. On one hand, social factors shape motor synchrony. The way that partners per-

ceive each other affects the amount of synchrony between them. People tend to synchronize

more with partners who are attractive [1], likable [2], punctual [3], or who have a prosocial

attitude [4]. Motor synchrony is also affected by whether two actors perceive each other as an

ingroup member. Miles and colleagues [5] reported a higher level of movement synchrony

between members of two different groups than between members of the same group. On the

other hand, there is evidence that motor synchrony can have positive social consequences.

Laboratory studies have found that motor synchrony can induce a good impression of a part-

ner [6–9], feelings of affection [10], feelings of trust [7], prosociality [11, 12] and cooperation

[13]. These studies reveal that social relations can affect motor synchrony, and that motor syn-

chrony also has an important role in social relations.

Some studies that have used naturalistic contexts have discovered positive social conse-

quences from body synchrony. For instance, Ramseyer and Tschacher [14] employed motion

energy analysis to quantify body movement synchrony between psychotherapist and patient

during therapy sessions. They discovered that nonverbal synchrony was associated with a high

quality therapeutic relationship. Convergent psychotherapy research supports the view that

body synchrony enhances both alliance and a positive patient-therapist relationship (see a

review article, [15]). Body synchrony during natural conversation also promotes rapport in

non-clinical settings. Cornejo et al. [16] conducted a similar motion energy analysis of

recorded natural conversation within pairs, and they discovered that body synchrony was pos-

itively associated with interpersonal trust. Kato, Hirose and Kashino [17] examined the ante-

cedents and consequences of walking step synchrony in a real-world scenario by pairing

strangers meeting for the first time and having them walk outdoors while engaging in casual

conversation. The impressions of the partners were rated before and after walking, and an

improved impression after walking was correlated with step synchrony although the effect was

reduced after considering individual differences (e.g. gender and autistic traits) [18]. The

results suggest interpersonal synchrony can have social effects in real world settings, and are

not limited to laboratory conditions with artificial tasks.

However, the previous naturalistic studies of interpersonal synchronization share a major

confounding factor: conversation between partners. Conversation was included in all of the

above studies because of the nature of the task (e.g. clinical therapy was by nature a talking

therapy) or to keep the situation natural (e.g. strangers meeting for the first time). However,

this creates a confounding factor because conversation is known to modulate both body syn-

chrony and interpersonal impression. First, conversation is known to affect the social relation-

ship of partners engaged in a joint action. The convergence of speech rates in conversation is

related to partners’ competence and attractiveness judgments [19] and cooperation in the pris-

oner’s dilemma game [20]. Second, the content of a conversation can shape how well people

synchronize with each other. Paxton and Dale [21, 22] found that arguments inhibited the

interpersonal convergence of body movements more than less competitive conversations.

Tschacher and colleagues [10] also observed effects of conversation content, but found that

debate promoted greater levels of body synchrony than cooperative conversation. Interest-

ingly, verbal interaction alone did not enhance synchrony between two participants while they

were swinging handheld pendulums side by side compared with participants swinging pendu-

lums but without conversation [23]. These studies suggest that conversation content modu-

lates body synchrony, rather than the presence of verbal interaction.

In this study, we controlled the possible confounding effect of conversation by developing a

paradigm to disassociate explicit verbal communication and implicit body coordination with a

silent paired walk. We created a scenario where participants were made to believe that they
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were going to assist in a time perception study. They were paired and told to walk silently at

first, and then to walk while chatting. They were asked to estimate the duration of the silent

period and we collected the perceived durations. This design enabled us to remove the effect of

verbal communication and examine the interplay between social impression and motor

synchrony.

Experiment 1: Main experiment

Method

Participants. The sample size was estimated from the effect size in our previous experi-

ment [18], which indicated a significant correlation (r = .190, n = 153, p = .019) between walk-

ing synchrony and an enhanced post-walk impression of the partner. We estimated a similar

correlation of 0.2 in the current study. A sample size of 191 pairs was estimated by a power

analysis using G�Power 3 [24], with an alpha of 0.05 and a power of 0.8. To maximize the data

collection efficiency, we paired each participant with every other participant in a session.

Because the number of motor sensors was limited, we recruited a maximum of 8 participants

for each session (the actual attendance per session was 4–8 participants due to participant

availability and no-shows).

In total, we recruited 67 participants (37 females; mean age 19.88 years, SD 2.56 years;

mean AQ 20.45, SD 6.50; mean height 167.69 cm, SD 9.80 cm; mean weight 57.07 kg, SD 10.65

kg) and conducted five sessions per gender. No mixed gender session (female-male pair) was

conducted. There were 194 pairs in total (116 female pairs). All participants provided written

informed consent before the experiment began. They were told a cover story, namely that this

experiment studied participants’ time perception under different conditions, to draw their

attention away from the fact that their walking steps were being recorded, and the real purpose

was disclosed to them at the end. All the procedures were approved by the Human Research

Ethics Committee of the University of Hong Kong (Reference No. EA231012). All the methods

were performed in accordance with the principles expressed in the Declaration of Helsinki as

regards the treatment of participants.

Procedure. To conceal our interest in walking synchrony, we misled the participants into

believing that the study examined how social interaction affected time perception. Upon

arrival, the participants were instructed to complete a personal information form (including

age, height, weight, and foot length) and an AQ questionnaire [25]. They also rated their first

impressions of every other participant using the Interpersonal Judgment Scale (IJS) question-

naire [26]. When the first impression (IJS1) was filled, participants sat on chairs arranged in a

way that they could see all other participants and the number labeled on each of them. They

filled in the rating for each of them without a chance to talk or to know each other. At that

time, they had no knowledge about the experiment design. Then we announced the order of

pairing and explained that every participant was to walk with every other participant. They

were required to walk silently with each partner for the first half of the walk (point A to B) and

then to walk while engaging in free conversation for the second half (point B to A). After each

walk, they reported the perceived duration.

After the instruction, the participants were led outdoors where they undertook a practice

walk alone to familiarize themselves with the path and the procedure. The walking path was

part of a quiet and barrier-free path made of hard concrete on the campus of the University of

Hong Kong. The distance (between points A and B) was fixed at about 350 m, and it took par-

ticipants approximately 3–4.5 minutes to complete each one-way trip. The participants esti-

mated the duration of their practice walk after completing the first half (at point B), and the

experimenter, who was waiting at the end of the practice path, gave them the correct duration
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as feedback, so that the participants could have a sense of the duration of the one-way walk.

The practice walk ended after the participants returned to point A. No feedback was given in

subsequent experimental sessions.

After the practice walks, the participants were paired and asked to walk from point A to

point B, side by side without any verbal communication (silent condition). From point B back

to point A, they were allowed to chat while walking (conversational condition). After the silent

condition, the participants estimated the time duration of the walk (duration 1) and again

rated their impressions of their partners using the Interpersonal Judgement Scale (IJS2) at

Point B; after the conversational condition, the participants reported the duration of the paired

walk while conversing (duration 2) and again rated their impression (IJS3) once they had

returned to point A. No feedback about duration was given to the participants in the paired

walks. The procedure is shown in Fig 1. All participants always performed silent condition

before conversational condition to avoid carryover effect from conversation, which was

already reported in multiple studies previously including ours [17, 18]

During the walks, the participants wore voice recorders. Their walking movements were

recorded by acceleration sensors (ATR-promotions, TSND121) attached above their right

ankles and disguised as a GPS device. The sampling rate was 200 Hz. Recorded data were

downloaded offline after the experiment. The sensors for each pair were time-locked by shak-

ing them intentionally before the walk for coders to use later as a time marker for their syn-

chronization calculation. To prevent any interference with their walking, the participants were

asked to focus on the current task, to avoid bodily contact with each other, and to ignore dis-

tractions from the environment (e.g., mobile phones, friends passing by, or people asking for

directions). The session continued until each participant had walked with every other partici-

pant. Each session was attended by 4–8 people (i.e. 6–28 pairs) and lasted 1–2.5 hours.

Fig 1. Tasks during the entire experiment.

https://doi.org/10.1371/journal.pone.0227880.g001
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Data processing. We used the phase synchronization time ratio [PSTR, 17, 18], the ratio

of the duration for which two walkers were phase-synchronized out of the total walking

period, as an index for walking synchrony. All subsequent mathematical analyses were per-

formed using Matlab (MathWorks, USA). Below is a brief summary of how the PSTR is

constructed.

Acceleration data were extracted from motion sensors strapped to the right ankles of the walk-

ers. Fig 2 shows a 5-second recording obtained from a participant. In this example, the periodic

curves indicate when the right foot was raised (filled arrows) and set down (open arrows). The

vibration that occurred when the right foot was on the ground and the left foot was raised is also

recorded in the graph (shaded zones). The distance between two peaks (produced by the same

foot) was calculated to indicate the step duration, and we applied autocorrelation (to each indi-

vidual’s acceleration data) to compute each participant’s step duration (or pitch, the inverse of

frequency) for each 3.83 second time window with a window step of 20 ms. To obtain the lag

between two paired walkers’ steps, we applied a cross-correlation analysis to two walkers’ acceler-

ation data with a time window of 3.83 s and a window step of 20 ms. We derived each pair’s rela-

tive phase from their step duration, and a lag with a relative phase of 0 degrees indicated that

paired walkers walked in-phase (i.e. heel strikes were synchronized between the ipsilateral legs of

the walkers, e.g. right and right) and a relative phase of 180 degrees indicated anti-phase (i.e. heel

strikes were synchronized between the contralateral legs of the walkers, e.g. right and left).

In addition, an order parameter, R was calculated based on the relative phase to account for

the stability of synchronization [17]. R varied from 0 to 1, and an R value above 0.75 was

defined as phase synchronization. We obtained the ratios of the total duration when R was

above 0.75 (paired participants synchronized) relative to the total walking duration and called

it the phase synchronization time ratio (PSTR) and converted it to percentages for easy reading

in the subsequent analysis reports. With the assumption of a uniform distribution, the chance

of R being above 0.75 is 25%.

Results

A total of 37 female and 30 male participants formed 116 female pairs and 78 male pairs. 8

pairs were excluded due to hardware problems with the motion sensors. A total of 110 female

and 76 male pairs were included in the data analysis.

Fig 2. Example acceleration data extracted from a motion sensor. Peaks (filled arrows) represent the acceleration

when the right foot was lifted, and the empty arrows represent the time during which the right foot was resting on the

ground. The shaded areas show vibration noises that occurred when the right foot rested on the ground and the left

foot was lifted.

https://doi.org/10.1371/journal.pone.0227880.g002
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Paired walkers synchronized even without conversation. To test whether walking syn-

chrony occurred without its facilitation by conversation, we compared the PSTR between the

silent and conversational conditions. We did not observe any gender difference as regards the

PSTR (silent condition: female/male PSTR = 40.248, 37.449, t(184) = 1.694, p = .092; conversa-

tional condition: female/male PSTR = 40.033, 39.090, t(184) = 0.520, p = .604), so we com-

bined data for male and female walkers for analysis.

The PSTR distribution is summarized in Fig 3A. The average PSTRs for the silent (39.105)

and conversational (39.648) conditions were both significantly above chance level (25) (silence:

t(185) = 27.475, p< .001; conversation: t(185) = 25.790, p< .001) (Fig 3A). Walkers’ PSTR in

the silent condition (i.e. without conversation) did not differ from that in the conversational

condition (t(185) = 0.580, p = .563) (Fig 3B), contradicting the hypothesis that conversation is

the key factor promoting step synchronization between paired walkers. Interestingly, each

pair’s PSTRs under the two conditions were positively correlated (Fig 3C, r = .289, p = .011),

indicating that walking synchrony between a pair remained stable in different contexts.

Walking without conversation improved impression of partner. To investigate whether

or not a paired walk without conversation produced an impression improvement, we exam-

ined how the IJS scores changed under silent and conversational conditions (Fig 4). Because

previous studies have shown a gender difference with regard to impression rating [18], we

applied a two-way mixed design ANOVA to IJS scores with gender as a between-subject factor

and measurement time (before the silent condition (IJS1), after the silent condition (IJS2) and

after the conversational condition (IJS3)) as a within-subject factor. In general, females (2.055)

gave significantly higher impression ratings than males (0.934), F(1, 184) = 46.895, p< .001,

η2 = .203. A significant main effect of measurement time (F(2, 368) = 146.991, p< .001, η2 =

.444) showed that the IJS rating varied during the experiments. The impression rating had

improved significantly after each walk: a post-doc analysis with Bonferroni adjustments

revealed that IJS2 (1.291) was significantly higher than IJS1 (0.837, p< .001); while IJS3

(2.355) was significantly higher than IJS2 (p< .001). We did not observe any significant inter-

action effect (p = .242). The above results indicated that even under the silent walk condition,

the participants’ impression of their paired partner improved. Is the increment of silent condi-

tion comparable to the increment of conversational condition?

We obtained the IJS increment under the silent condition (by subtracting the mean of two

walkers’ IJS1 scores from their mean IJS2 scores) and under the conversational condition (by

subtracting IJS2 scores from IJS3 scores) (Fig 4B) and conducted a two-way ANOVA test with

factors of gender as a between-subject factor and condition (silence and conversation) as a

within-subject factor. A significant main effect of condition suggested that the IJS improve-

ment under the conversational condition (1.064) was significantly greater than that under the

silent condition (0.455, F(1, 184) = 20.786, p < .001, η2 = .102). The main effect of gender (p =

.313) and the interaction (p = .146) were not significant.

Overall, females rated their partners more likable compared with males. For both genders,

the impression of a partner became more favorable after paired walking without conversation

(silent condition), and further increased after conversation had taken place. The impression

improvement was greater for conversation than for silence.

Time perception and social impression. We analyzed the perceived and actual durations

of paired walking under silent and conversational conditions. Due to data loss, only 172 pairs

(103 female and 69 male pairs) were included in the analysis and the results are summarized in

Fig 5. We averaged the two walkers’ perceived durations for each pair for analysis.

The participants underestimated the paired walking duration significantly more under the

conversational condition than under the silent condition. We applied a two-way repeated mea-

sure ANOVA with factors of duration (perceived and actual durations) and condition
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(silence/conversation) for the paired walk (Fig 5). In general, the perceived duration (4.113

min) was significantly longer than the actual duration (3.529 min), F(1, 171) = 256.073, p<

.001, η2 = .600. There was a significant interaction, F(1, 171) = 287.381, p< .001, η2 = .627. A

post-hoc test showed that the time underestimation in the conversational condition was signif-

icantly greater than in the silent condition. The participants walked for 26 seconds longer

when a conversation took place (4’20” vs. 3’54”, t(172) = 14.901, p< .001), but their perceived

duration was 10 seconds longer than that under the silent condition (3’28” vs. 3’41”, t(172) =

9.183, p< .001).

It is known that time seems to pass more quickly when we are having fun [27] and we tested

whether the participants’ time perception reflected their enjoyment of social interaction (e.g.

did time pass more quickly when walking with a more likable partner?). We found that under

the conversational condition only, the time distortion was greater when the participants

showed a greater improvement in impression (Fig 6). For each pair, we obtained the time dis-

tortion of their paired walk by subtracting the perceived duration from the actual duration. A

Fig 3. Walking synchrony under silent and conversational conditions. a) PSTR distribution under silent and

conversational conditions. The chance level of PSTR (25) is shown by the dashed line. b) Means and 95% confidence

intervals for PSTRs under the two conditions. c) Scatter plot between the PSTRs for silent and conversational

conditions.

https://doi.org/10.1371/journal.pone.0227880.g003
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negative number indicates that the participants perceive time to be passing faster than its

actual duration, and a positive number indicates time passing slower than its actual duration.

We correlated the time distortion with the IJS difference for the silence and conversational

conditions separately (Fig 6) and observed a significantly negative correlation for the conversa-

tional condition (r = -.209, p = .005) but not for the silent condition (r = -.122, p = .177).

The above results showed that 1) people walked slower and 2) they felt time passed more

quickly when walking and engaging in conversation with partners than when walking in

silence. 3) The underestimation of duration increased with a more likable partner.

Good first impression facilitated walking synchrony. To investigate whether walking

synchrony is associated with the social relationship between silent walkers, we first tested

whether the first impression affected synchrony when walking in silence. We divided pairs

into low and high first impression groups based on the IJS1 of each gender, and compared the

two groups’ PSTR for the silent condition (Fig 7). Two-way ANCOVA with factors of gender

and IJS1 group was applied to the silence PSTR, while controlling the mean age, mean AQ,

height difference and weight difference of each pair, which had the potential to modulate walk-

ing synchrony [18, 28–30]. The results showed a marginally significant interaction effect

between gender and IJS1 group, F(1, 178) = 3.592, p = .060, η2 = .020. A planned t-test analysis

comparing the PSTRs of low and high IJS1 groups within each gender showed that with female

walkers, the high first impression group (42.300) tended to synchronize more than the low

group (37.874, t(108) = 2.012, p = .047); but for male walkers, the PSTRs of the low IJS1

(38.310) and high IJS1 (36.200) groups did not differ (p = .378).

Did a silent pair’s walking synchrony affect the impression increment as with conversation

[17, 18]? For each gender, we first classified participants into low synced and high synced

groups based on the average PSTR obtained during silent walking (37.449 for males, 40.248 for

females). We tested the IJS increment after silent paired walking (IJS2-IJS1) with a two-way

ANOVA with factors of gender and PSTR groups (Fig 8). We did not observe any significant

Fig 4. Results of impression rating for each gender. a) Means and 95% confidence intervals for female and male walkers’ total IJS scores

measured before the silent condition (IJS1), after the silent condition (IJS2) and after the conversational condition (IJS3). b) IJS difference of

each gender under silent (IJS2-IJS1) and conversational conditions (IJS3-IJS2) (���, p< .001).

https://doi.org/10.1371/journal.pone.0227880.g004
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Fig 5. Perceived and actual duration of paired walk when silent and when conversing.

https://doi.org/10.1371/journal.pone.0227880.g005

Fig 6. Time distortion and IJS difference when silent and when conversing.

https://doi.org/10.1371/journal.pone.0227880.g006
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main effect (gender, p = .468; PSTR groups, p = .586) or interaction effect (p = .289), implying

that walking synchrony was not significant in terms of impression change between two silent

walkers, which is [inconsistent with previous studies when conversation takes place, 17, 18].

To enable us to control other known factors influencing synchrony, we re-examined

whether the first impression effect remained once other factors had been considered. We

conducted a generalized linear model (Fig 9) predicting the PSTR of the silent condition

(PSTRsilence) from the social relationship between walkers (IJS1) and individual characteristics

(gender, mean age, mean AQ, height difference and weight difference of each pair). Three

significant predicting effects were observed. IJS1 contributed significantly to predicting

PSTRsilence (β = 0.035, p< .001), suggesting that walkers with a good first impression of each

other tended to synchronize their steps more. The other two significant factors were gender

(β = -0.290, p< .001) and height (β = 0.012, p = .002), implying that females and taller partici-

pants sync better in silent walk. Another generalized linear model analysis was applied to the

PSTR of the conversational condition (see supporting data for a detailed report). Results did

not show a significant predicting effect on PSTRconversational from IJS1 (S1 Fig).

Experiment 2: Control experiment without joint walking task

Method

To test whether the IJS increment under the silent condition came from walking per se or sim-

ply spending time together, we performed a control experiment to investigate whether partici-

pants in a silent no-walking situation would increase impression rating for each other.

Fig 7. PSTRs of low and high IJS1 groups of each gender when walking in silence.

https://doi.org/10.1371/journal.pone.0227880.g007
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Participants. We estimated the sample size used in Experiment 1 in which we reported a

significant IJS difference before and after a silent walk from a paired t-test with an effect size

(Cohen’s d) of 0.366. Because the current study was conducted without conversation, we

Fig 8. IJS difference between low and high PSTR groups obtained for each gender under the silent condition.

https://doi.org/10.1371/journal.pone.0227880.g008

Fig 9. Possible factors that predicted the PSTR under the silent condition.

https://doi.org/10.1371/journal.pone.0227880.g009
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expected a similar effect size. Hence, with an estimated effect size of 0.366, a power analysis

conducted using G�Power [24] showed that a sample size of 61 pairs was needed for a paired t-

test to reach a power of 0.8 with the alpha level at 0.05. Ultimately, 64 pairs participated in this

silence control experiment. All participants provided written informed consent before the

experiment began. All the procedures were approved by the Tohoku University Human

Research Ethics Committee and performed in accordance with the principles expressed in the

Declaration of Helsinki as regards the treatment of participants.

Procedure. Participants were recruited and informed that they were to join a psychology

experiment with an assigned partner. In reality, they only took part in the experiment alone.

Seventeen participants (8 females, mean age 21.5 years old, SD 3.1 years old) were separated

into two groups (8 and 9 members) and scheduled at two different time slots. At the beginning,

participants were instructed to believe that later in the experiment, they would be paired with

every other member in their group to perform some joint decision-making tasks. The seats

were arranged in a circle so that they could see all others group members labeled with a single

digit number (1 to 9). This seating arrangement was made to be similar to that in Experiment

1. Participants provide their first impression to each of their group members by completing

the Interpersonal Judgement Scale (IJS) questionnaire after signing the consent form. This was

similar to the scenario when participants filled their first impression at IJS-1, and they filled in

the rating for each of them without a chance to talk or to know each other. At that time, they

had no knowledge about the experiment design. They were then given questionnaires about

their campus life and university activities to fill in. They were instructed to focus on their own

task without paying attention to or conversing with the other person. It took about 5–7 min-

utes, similar to the walking duration in Experiment 1. After they return the questionnaires,

they were invited to rate each other again using the IJS (IJS 2). Before they left, they were

debriefed about the real purpose of the experiment.

In the group of 8 members, they formed totally 28 pairs. In the group of 9 members, they

formed 36 pairs in total. Together, there were 64 pairs in Experiment 2.

Results

The result of a paired t-test revealed no significant difference (p = .216) between IJSs before

(0.883) and after (1.000) the task (Fig 10), indicating that the silent co-occupation of a space

was insufficient to improve the interpersonal impression.

Experiment 3: Control experiment with silent joint walking

Method

In Experiment 1, IJS rating increased more in conversational condition than in silent condi-

tion. Was the additional increment caused by conversation or extra period of paired walking?

To delineate these two possibilities, we conducted another control experiment identical to the

main experiment except the talk with conversation was replaced with another silent walk.

Participants. We estimated the sample size used in Experiment 1 in which we reported a

significant IJS difference before and after a silent walk from a paired t-test with an effect size

(Cohen’s d) of 0.366. Because the current study was conducted without conversation, we

expected a similar effect size. Hence, with an estimated effect size of 0.366, a power analysis

conducted using G�Power [24] showed that a sample size of 61 pairs was needed for a paired t-

test to reach a power of 0.8 with the alpha level at 0.05. Ultimately, 66 pairs participated in this

silence control experiment. All participants provided written informed consent before the

experiment began. All the procedures were approved by the Tohoku University Human
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Research Ethics Committee. All the methods were performed in accordance with the princi-

ples expressed in the Declaration of Helsinki as regards the treatment of participants.

Procedure. Participants were recruited and informed that they were to join a psychology

experiment on time perception with an assigned partner. Each time, four participants were

recruited to form 6 possible pairs. Forty-four participants (22 females, mean age 21.4 years, SD

2.9 years) joined to form 66 pairs in total. The procedure was identical to Experiment 1 except

the pair never had any conversations. Participants provide their first impression to each of

their group members by completing the Interpersonal Judgement Scale (IJS) questionnaire

after signing the consent form (IJS-1) without a chance to talk or to know each other. Then

they paired with each of the group member and walked with the assigned partner one by one

(silent walk 1). At the turning point of the path, they stopped and reported their perceived

Fig 10. Means and 95% confidence intervals for paired participants’ total IJS scores measured before and after a

non-walking control experiment (n.s., not significant).

https://doi.org/10.1371/journal.pone.0227880.g010
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duration of the walk. Then they rated each other again using the IJS questionnaire (IJS 2).

After that, they walked back to the starting point (silent walk 2), where they reported the per-

ceived duration and rated each other again using IJS (IJS3). After the experiment, they were

debriefed about the real purpose of the experiment.

Results

Two pairs’ results were excluded because they were acquaintances before the experiment. In

total, 64 pairs were included in data analysis.

Results of a one-way repeated measure ANOVA test showed that IJS scores increased in

both silent walks (Fig 11A). The main effect showed a significant difference among 3 IJS

scores, F(2, 126) = 11.484, p< .001, η2 = .154. Post-hoc tests with Bonferroni adjustment

showed that IJS1 (0.492) significantly increased after first silent walk (IJS2 = 1.102, p< .001),

and maintained at a constant level after the second silent walk (IJS3 = 1.281, p = .974).

Then we obtained the IJS difference of the first silent walk (by subtracting IJS1 scores IJS2

scores) and second silent walk (by subtracting IJS2 scores from IJS3 scores) (Fig 11B). A paired

t-test was applied and showed that IJS increment after the first silent walk (0.609) did not differ

from that from the second silent walk (0.180, t(63) = 1.998, p = 0.164).

In summary, participants increased impression rating less in the second silent walk than in

the first silent walk. In Experiment 1 where the second walk allowed conversation, the impres-

sion increment was higher than that in the first silent walk, suggesting the extra impression

increment was benefited from conversation.

Discussion

In this study, we disassociated the contribution of verbal communication from walking step

synchronization and discovered that with no conversation taking place, paired strangers

unconsciously synchronized theirs steps. Their mutual impression was more favorable after

Fig 11. Results of impression rating. a) Means and 95% confidence intervals for total IJS scores measured before the silent condition

(IJS1), after the 1st silent walk (IJS2) and after the 2nd silent walk (IJS3). b) IJS difference in 1st silent (IJS2-IJS1) and 2nd silent walks

(IJS3-IJS2) (���, p< .001; n.s., not significant).

https://doi.org/10.1371/journal.pone.0227880.g011
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the silent walk. Our analysis revealed a unidirectional relationship between synchrony and

impression rating: a better first impression led to a higher walking synchrony between two

strangers walking side by side in silence, but their step synchronization did not modulate the

later impression increment. Moreover, the first impression effect on synchrony was observed

only in female participants.

The first impression plays a role in promoting implicit walking synchrony. Many studies

have reported that interpersonal motor synchronization increases liking[6–9]. However, less is

known about the opposite direction, i.e. whether liking enhances motor synchrony. Previous

research has indirectly indicated that the likability of a partner is an antecedent for motor syn-

chrony. For instance, people are more likely to synchronize with an attractive partner [1] and a

punctual partner [3]. Zhao et al. [2] directly investigated the effect of likability on body syn-

chrony and reported that participants showed more synchrony in a finger tapping task with a

more likable partner. Consistently, the current study supports the view that a positive first

impression boosts body synchronization in another form of joint action, namely paired walk-

ing. The commonality of the above antecedents of synchrony (attractiveness, punctuality, and

likability) is that they create a positive impression of the partner. And a good impression is

known to promote the establishment of rapport in interpersonal activities, such as job inter-

views [31, 32] and sales encounters [33]. It is possible that a good impression elicits a willing-

ness to interact explicitly and implicitly, which adjusts a dyad’s coordination in a synchronous

fashion.

The social impression increment in silent walk condition does not correlate with walking

synchrony. This appears to be inconsistent with a recent finding, namely that participants

showed a larger impression increment for a synchronized partner during paired walking with

conversation [18]. It is possible that the impression increment during silent walking was too

subtle to observe. The difference between the IJSs pre- and post-walk under the conversational

condition in Cheng et al. [18] was almost five times that under the silent condition (2.137 vs.

0.447). The small impression increment range might have made the interaction between

impression increment and walking synchrony difficult to detect. Another possible explanation

is that to shape a social impression, implicit body synchronization needs the help of explicit

cues such as explicit verbal communication and perceived body coordination. This speculation

is inspired by recent reports of interactions between other implicit-explicit dissociated pro-

cesses. For example, Park and Donaldson [34] reported that the implicit priming effect was

larger on items that were successfully recognized (i.e. explicit memory), suggesting a novel

functional role in memory collection. Seitz and Watanabe [35] found that when participants

were exposed to a display consisting of a group of randomly moving dots that contained a

small group of dots moving in the same direction but invisibly, their detection thresholds

toward this direction gradually improved without their knowledge (implicit learning). How-

ever, this learning only occurred when the participants’ attention was engaged in another irrel-

evant central task, which suggested that top-down influences penetrated implicit processes.

Similarly, when we review past findings on synchrony-produced liking, many observations

were made when the participants were engaged in conversation [17, 18] or when they were

repeatedly performing noticeable synchronous actions [6–9]. Explicit interaction may be a

necessary medium for realizing implicit synchrony and thus shape social relationships. One

working hypothesis is that when people interact explicitly through a noticeable exchange of

information (e.g. conversation or perceived motor coordination), implicit synchrony imposes

additional modulation on a social relationship; when there is no explicit interaction (e.g. walk-

ing silently), modulation from implicit synchrony becomes inactive. This hypothesis awaits

further testing via empirical studies.

Paired walkers with better first impression synchronize better

PLOS ONE | https://doi.org/10.1371/journal.pone.0227880 February 21, 2020 15 / 22

https://doi.org/10.1371/journal.pone.0227880


Regarding individual differences (i.e. gender and autistic traits), we observed that only gen-

der predisposed walking synchrony in the current study. The absent AQ effect was inconsis-

tent with our previous results [18] at first look. On closer inspection, we found that the

participants (N = 153 stranger pairs) in the current study were significantly younger (19.758

years old, t(331) = 16.135, p< .001), more autistic (20.888, t(337) = 2.686, p = .008), and

walked in a less synchronized manner (PSTR, 39.648; t(337) = 9.380, p< .001) than those

(N = 186 pairs) in Cheng et al. [18] (average age, 29.245; average AQ, 18.882; PSTR, 51.979)

(Fig 12). To take advantage of a bigger sample and cover a greater variety of participants, we

combined the samples from these two studies and employed a Generalized Linear Model to

predict the PSTR using individual characteristics (gender, mean age, mean AQ, height differ-

ence and weight difference of each pair) and impression ratings (IJS before walk). Gender (β =

-0.352, p < .001), age (β = 0.014, p< .001) and AQ (β = -0.007 , p< .001) were discovered to

contribute significantly when predicting the PSTR, suggesting that females showed higher syn-

chrony than males and older and less autistic walkers tended to synchronize more. With a big-

ger and a more representative sample size, we replicated the AQ effect and found a new effect

of age on synchrony. The narrow age and AQ ranges of the participant sample in the current

study might have limited our ability to detect their effects on participants’ walking synchrony.

The mechanism underlying the age effect in implicit interpersonal coordination is intrigu-

ing but remains unclear. Higher motor synchrony is related to better motor coordination skills

[9], prosocial attitudes [4], agreement and more speech convergence in conversation [10, 21],

and a higher perceived similarity between partners [5]. It is possible that older participants

have advantages with respect to one or more of the qualities mentioned above. For example, in

terms of motor coordination skills, developmental studies of early human life show that babies’

movements in coordination with their mothers started to appear from 3 months old and the

tendency increases during infancy [36, 37]. Children are able to coordinate with partners in

tempo tasks for the age of 2 [38]. Interpersonal coordination skills in various tasks improve

across childhood (2–4 years old: [38], 6–9 years old: [39], 6–12 years old: [40]). Individual

motor skills also improve throughout childhood and adolescence and are associated with phys-

ical activity ([41, 42], also see a review article, [43]). For those above 60 years of age, obvious

motor deficits were observed [44, 45]. However, to the best of our knowledge, there has been

no systematic research on developmental changes in motor coordination across the entire life-

span (e.g. our tested group had an age range of between 18 and 60 years old). This made it

hard for us to speculate on an age effect from motor coordination skills. Regarding prosocial

attitudes, there is evidence showing that the prosocial personality generally increases from late

adolescence to the early 20s (17–18 to 21–22 years old) [46] and remains stable in early adult-

hood (21–26 years old) [47]. As the prosocial personality stabilizes in early adulthood, it is

unlikely that this is the main factor accounting for the effect of age on walking synchrony.

With respect to explicit communication, older adults have poorer conversation skills and com-

munication efficiency due to their reduced ability to decode linguistic information and main-

tain content details in the population aged from 18 to 90 years old (see a review article, [48]).

This contradicts our expectation that older adults tend to create a better social context in

which to increase walking synchrony. In terms of implicit coordination, there is no known

study examining whether or not older people excel in implicit synchrony or other forms of

interpersonal coordination (e.g. automatic nonverbal mimicry, emotional contagion, and

speech convergence). Our study provides new insights into the lifespan development of

implicit motor synchrony and future investigations exploring the age effect should be

encouraged.

There is a growing awareness of the validity of interpersonal interaction research in real

world scenarios [49, 50]. Motor synchronization has been widely studied in a laboratory
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environment (see a review article: [51]). To make it possible to apply laboratory findings to

robotic design and other applications, it is important to investigate how people interact in

daily life. However, daily natural environments are rich in their contextual information, which

makes experiment control a challenge. Therefore, it is important to consider possible con-

founding variables and retest the paradigm to ensure scientific reliability. We previously stud-

ied walking synchrony in the most common daily situation, that is paired walking while

chatting [18]. In the current study, we further isolated implicit body synchrony from explicit

communication by removing conversation. Our results revealed that implicit synchrony was

shaped by the first impression, which was not observed in previous walk-and-chat tasks. The

new finding benefited from our efforts to balance the trade-off between ecological validity and

scientific control.

Walking synchrony may be one form of interpersonal communication in a larger category

of implicit social interaction. There is another similar type of nonverbal communication that is

closely associated with social factors: automatic mimicry (i.e. spontaneous/automatic imita-

tion). It refers to the spontaneous imitation of body movements (e.g. face rubbing and foot

shaking) and facial expressions [52]. Both body synchrony and automatic mimicry involve the

matching of interpersonal nonverbal behavior. The difference is that the former emphasizes

the occurrence of temporal motion and the latter focuses less on temporal dynamics and more

on the repetition of the same behavior. A similar phenomenon to body synchrony, namely

automatic mimicry, also plays an important role in social interaction [53, 54]. On one hand,

Fig 12. Distribution of mean age, mean AQ and PSTR for participants in the current and previous studies.

https://doi.org/10.1371/journal.pone.0227880.g012
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social factors shape spontaneous mimicry. For example, people tend to mimic a partner who is

attractive [55] or an ingroup member [56]. On the other hand, automatic mimicry boosts posi-

tive social consequences [53, 54], including liking [52], rapport [57], and prosocial behavior

[58, 59]. Research on body synchrony and automatic mimicry reveal that implicit communica-

tion and social factors are interwoven, which suggests an essential role for implicit communi-

cation in social interaction. The crucial role of unconscious processes is widely recognized in

the cognitive sciences, and these affect how people perceive, memorize and process informa-

tion, and form decisions [60]. Nevertheless, we have little understanding about how uncon-

scious processes smooth social interaction. Future efforts should strive to understand how

implicit interpersonal information provides a basis for effective communication via multi-

channels, such as sensorimotor coordination and synchrony in physiological and neural pro-

cesses [61].

In summary, this study has methodological and theoretical implications for research on

implicit communication. We provide an approach with which to study implicit walking syn-

chrony while disassociating it from verbal communication. Furthermore, we discover that a

liking between partners, which is known to be a consequence of synchrony, also predisposes

synchrony. Together with previous findings on social consequences from synchronous

motion, this bidirectional relation indicates the crucial role of implicit communication in

social interaction.

Supporting information

S1 Fig. Possible factors that predicted the PSTR in the conversational condition. We con-

ducted a generalized linear model as regards predicting the PSTR of the conversational condi-

tion (PSTRconversation) based on the social relationship between walkers (IJS1, the difference

between IJS2 and IJS1) and individual characteristics (gender, mean age, the mean AQ, height

difference and weight difference of each pair). The first impression (IJS1) did not significantly

contributed to predicting PSTRconversation (β = 0.022, p = .056). Among all factors, four showed

significant effect. Females synchronized steps better than males (β = -0.344, p< .001). Age sig-

nificantly predicted PSTRconversation (β = -0.036, p< .001), showing that younger pairs syn-

chronized better. PSTRconversation positively correlated with height (β = 0.018, p< .001) and

weight (β = 0.006, p = .033).

(TIF)

Acknowledgments

We thank Professor Satoshi Shioiri to assist with control experiments design and execution.

We thank Dr. Makio Kashino in administrative assistance and advice.

Tseng is supported by the Cooperative Research Project Program from Research Institute

of Electrical Communication at Tohoku University, Tohoku University Center for Gender

Equality Promotion (TUMUG), and Grant-in-Aid for Scientific Research on Innovative Areas

(No. 18H04180) “Construction of the Face-Body Studies in Transcultural Conditions”. These

funders do not play any role in the study design, data collection and analysis, decision to pub-

lish, preparation of the manuscript, or alter our adherence to PLOS ONE policies on sharing

data and materials.

Author Contributions

Conceptualization: Miao Cheng, Masaharu Kato, Chia-huei Tseng.

Data curation: Miao Cheng, Chia-huei Tseng.

Paired walkers with better first impression synchronize better

PLOS ONE | https://doi.org/10.1371/journal.pone.0227880 February 21, 2020 18 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227880.s001
https://doi.org/10.1371/journal.pone.0227880


Formal analysis: Miao Cheng, Masaharu Kato, Jeffrey Allen Saunders, Chia-huei Tseng.

Funding acquisition: Chia-huei Tseng.

Investigation: Miao Cheng.

Methodology: Miao Cheng, Masaharu Kato, Chia-huei Tseng.

Project administration: Chia-huei Tseng.

Resources: Masaharu Kato, Chia-huei Tseng.

Software: Miao Cheng, Masaharu Kato.

Supervision: Jeffrey Allen Saunders, Chia-huei Tseng.

Validation: Miao Cheng, Masaharu Kato, Chia-huei Tseng.

Visualization: Miao Cheng, Chia-huei Tseng.

Writing – original draft: Miao Cheng, Chia-huei Tseng.

Writing – review & editing: Miao Cheng, Masaharu Kato, Jeffrey Allen Saunders, Chia-huei

Tseng.

References
1. Zhao Z, Salesse RN, Gueugnon M, Schmidt RC, Marin L, Bardy BG. Moving attractive virtual agent

improves interpersonal coordination stability. Human Movement Science. 2015; 41:240–54. https://doi.

org/10.1016/j.humov.2015.03.012 PMID: 25854798

2. Zhao Z, Salesse RN, Marin L, Gueugnon M, Bardy BG. Likability’s Effect on Interpersonal Motor Coordi-

nation: Exploring Natural Gaze Direction. Frontiers in Psychology. 2017; 8(1864). https://doi.org/10.

3389/fpsyg.2017.01864 PMID: 29123495

3. Miles LK, Griffiths JL, Richardson MJ, Macrae CN. Too late to coordinate: Contextual influences on

behavioral synchrony. European Journal of Social Psychology. 2009:52–60. https://doi.org/10.1002/

ejsp.721

4. Lumsden J, Miles LK, Richardson MJ, Smith CA, Macrae CN. Who syncs? Social motives and interper-

sonal coordination. Journal of Experimental Social Psychology. 2012; 48(3):746–51. https://doi.org/10.

1016/j.jesp.2011.12.007

5. Miles LK, Lumsden J, Richardson MJ, Neil Macrae C. Do birds of a feather move together? Group mem-

bership and behavioral synchrony. Exp Brain Res. 2011; 211(3–4):495–503. https://doi.org/10.1007/

s00221-011-2641-z PMID: 21448575

6. Hove MJ, Risen JL. It’s all in the timing: Interpersonal synchrony increases affiliation. Social Cognition.

2009; 27(6):949–60.

7. Launay J, Dean RT, Bailes F. Synchronization can influence trust following virtual interaction. Exp Psy-

chol. 2013; 60(1):53–63. https://doi.org/10.1027/1618-3169/a000173 PMID: 22935329.

8. Valdesolo P, DeSteno D. Synchrony and the social tuning of compassion. Emotion. 2011; 11(2):262.

https://doi.org/10.1037/a0021302 PMID: 21500895

9. Valdesolo P, Ouyang J, DeSteno D. The rhythm of joint action: Synchrony promotes cooperative ability.

Journal of Experimental Social Psychology. 2010; 46(4):693–5. https://doi.org/10.1016/j.jesp.2010.03.

004

10. Tschacher W, Rees GM, Ramseyer F. Nonverbal synchrony and affect in dyadic interactions. Front

Psychol. 2014; 5:1323. https://doi.org/10.3389/fpsyg.2014.01323 PMID: 25505435; PubMed Central

PMCID: PMC4241744.

11. Kokal I, Engel A, Kirschner S, Keysers C. Synchronized drumming enhances activity in the caudate and

facilitates prosocial commitment-if the rhythm comes easily. PloS one. 2011; 6(11):e27272. https://doi.

org/10.1371/journal.pone.0027272 PMID: 22110623; PubMed Central PMCID: PMC3217964.

12. Reddish P, Bulbulia J, Fischer R. Does synchrony promote generalized prosociality? Religion, Brain &

Behavior. 2014; 4(1):3–19.

13. Reddish P, Fischer R, Bulbulia J. Let’s dance together: synchrony, shared intentionality and coopera-

tion. PloS one. 2013; 8(8):e71182. https://doi.org/10.1371/journal.pone.0071182 PMID: 23951106

Paired walkers with better first impression synchronize better

PLOS ONE | https://doi.org/10.1371/journal.pone.0227880 February 21, 2020 19 / 22

https://doi.org/10.1016/j.humov.2015.03.012
https://doi.org/10.1016/j.humov.2015.03.012
http://www.ncbi.nlm.nih.gov/pubmed/25854798
https://doi.org/10.3389/fpsyg.2017.01864
https://doi.org/10.3389/fpsyg.2017.01864
http://www.ncbi.nlm.nih.gov/pubmed/29123495
https://doi.org/10.1002/ejsp.721
https://doi.org/10.1002/ejsp.721
https://doi.org/10.1016/j.jesp.2011.12.007
https://doi.org/10.1016/j.jesp.2011.12.007
https://doi.org/10.1007/s00221-011-2641-z
https://doi.org/10.1007/s00221-011-2641-z
http://www.ncbi.nlm.nih.gov/pubmed/21448575
https://doi.org/10.1027/1618-3169/a000173
http://www.ncbi.nlm.nih.gov/pubmed/22935329
https://doi.org/10.1037/a0021302
http://www.ncbi.nlm.nih.gov/pubmed/21500895
https://doi.org/10.1016/j.jesp.2010.03.004
https://doi.org/10.1016/j.jesp.2010.03.004
https://doi.org/10.3389/fpsyg.2014.01323
http://www.ncbi.nlm.nih.gov/pubmed/25505435
https://doi.org/10.1371/journal.pone.0027272
https://doi.org/10.1371/journal.pone.0027272
http://www.ncbi.nlm.nih.gov/pubmed/22110623
https://doi.org/10.1371/journal.pone.0071182
http://www.ncbi.nlm.nih.gov/pubmed/23951106
https://doi.org/10.1371/journal.pone.0227880


14. Ramseyer F, Tschacher W. Nonverbal synchrony in psychotherapy: coordinated body movement

reflects relationship quality and outcome. Journal of consulting and clinical psychology. 2011; 79

(3):284. https://doi.org/10.1037/a0023419 PMID: 21639608

15. Koole SL, Tschacher W. Synchrony in psychotherapy: A review and an integrative framework for the

therapeutic alliance. Frontiers in psychology. 2016; 7:862. https://doi.org/10.3389/fpsyg.2016.00862

PMID: 27378968

16. Cornejo C, Hurtado E, Cuadros Z, Torres A, Paredes J, Olivares H, et al. Dynamics of Simultaneous

and Imitative Bodily Coordination in Trust and Distrust. Frontiers in psychology. 2018; 9:1546. https://

doi.org/10.3389/fpsyg.2018.01546 PMID: 30210391

17. Kato M, Hirose H, Kashino M. Evidence of dynamic phase-synchronization of steps between paired

walkers and its effect on building of interpersonal relationships. The 6th Bi-Annual Joint Action Meeting;

Budapest, Hungary.2015.

18. Cheng M, Kato M, Tseng C-h. Gender and autistic traits modulate implicit motor synchrony. PloS one.

2017; 12(9):e0184083. https://doi.org/10.1371/journal.pone.0184083 PMID: 28873419

19. Street RL Jr. Speech convergence and speech evaluation in fact-finding interviews. Human Communi-

cation Research. 1984; 11(2):139–69.

20. Manson JH, Bryant GA, Gervais MM, Kline MA. Convergence of speech rate in conversation predicts

cooperation. Evolution and Human Behavior. 2013; 34(6):419–26.

21. Paxton A, Dale R. Argument disrupts interpersonal synchrony. The Quarterly Journal of Experimental

Psychology. 2013; 66(11):2092–102. https://doi.org/10.1080/17470218.2013.853089 PMID: 24303888

22. Paxton A, Dale R. Interpersonal movement synchrony responds to high-and low-level conversational

constraints. Frontiers in psychology. 2017; 8:1135. https://doi.org/10.3389/fpsyg.2017.01135 PMID:

28804466

23. Richardson MJ, Marsh KL, Schmidt R. Effects of visual and verbal interaction on unintentional interper-

sonal coordination. Journal of Experimental Psychology: Human Perception and Performance. 2005;

31(1):62. https://doi.org/10.1037/0096-1523.31.1.62 PMID: 15709863

24. Faul F, Erdfelder E, Lang A-G, Buchner A. G* Power 3: A flexible statistical power analysis program for

the social, behavioral, and biomedical sciences. Behavior research methods. 2007; 39(2):175–91.

https://doi.org/10.3758/bf03193146 PMID: 17695343

25. Baron-Cohen S, Wheelwright S, Skinner R, Martin J, Clubley E. The autism-spectrum quotient (AQ):

Evidence from asperger syndrome/high-functioning autism, malesand females, scientists and mathe-

maticians. Journal of autism and developmental disorders. 2001; 31(1):5–17. https://doi.org/10.1023/

a:1005653411471 PMID: 11439754

26. Byrne D. The attraction paradigm. New York: Academic Press; 1971.

27. Agarwal R, Karahanna E. Time flies when you’re having fun: Cognitive absorption and beliefs about

information technology usage. MIS quarterly. 2000:665–94.

28. Richardson MJ, Marsh KL, Isenhower RW, Goodman JR, Schmidt RC. Rocking together: dynamics of

intentional and unintentional interpersonal coordination. Human Movement Science. 2007; 26(6):867–

91. https://doi.org/10.1016/j.humov.2007.07.002 PMID: 17765345.

29. Nessler JA, Gilliland SJ. Interpersonal synchronization during side by side treadmill walking is influ-

enced by leg length differential and altered sensory feedback. Human Movement Science. 2009; 28

(6):772–85. https://doi.org/10.1016/j.humov.2009.04.007 PMID: 19796834.

30. Schmidt RC, Nie L, Franco A, Richardson MJ. Bodily synchronization underlying joke telling. Frontiers

in human neuroscience. 2014; 8:633. https://doi.org/10.3389/fnhum.2014.00633 PMID: 25177287;

PubMed Central PMCID: PMC4133755.

31. Stevens CK, Kristof AL. Making the right impression: A field study of applicant impression management

during job interviews. Journal of applied psychology. 1995; 80(5):587.

32. Swider BW, Barrick MR, Harris TB, Stoverink AC. Managing and creating an image in the interview:

The role of interviewee initial impressions. Journal of Applied Psychology. 2011; 96(6):1275. https://doi.

org/10.1037/a0024005 PMID: 21639599

33. Evans KR, Kleine RE, Landry TD, Crosby LA. How first impressions of a customer impact effectiveness

in an initial sales encounter. Journal of the Academy of Marketing science. 2000; 28(4):512–26.

34. Park JL, Donaldson DI. Investigating the relationship between implicit and explicit memory: Evidence

that masked repetition priming speeds the onset of recollection. NeuroImage. 2016; 139:8–16. https://

doi.org/10.1016/j.neuroimage.2016.06.013 PMID: 27291494

35. Seitz AR, Watanabe T. Psychophysics: Is subliminal learning really passive? Nature. 2003; 422

(6927):36. https://doi.org/10.1038/422036a PMID: 12621425

Paired walkers with better first impression synchronize better

PLOS ONE | https://doi.org/10.1371/journal.pone.0227880 February 21, 2020 20 / 22

https://doi.org/10.1037/a0023419
http://www.ncbi.nlm.nih.gov/pubmed/21639608
https://doi.org/10.3389/fpsyg.2016.00862
http://www.ncbi.nlm.nih.gov/pubmed/27378968
https://doi.org/10.3389/fpsyg.2018.01546
https://doi.org/10.3389/fpsyg.2018.01546
http://www.ncbi.nlm.nih.gov/pubmed/30210391
https://doi.org/10.1371/journal.pone.0184083
http://www.ncbi.nlm.nih.gov/pubmed/28873419
https://doi.org/10.1080/17470218.2013.853089
http://www.ncbi.nlm.nih.gov/pubmed/24303888
https://doi.org/10.3389/fpsyg.2017.01135
http://www.ncbi.nlm.nih.gov/pubmed/28804466
https://doi.org/10.1037/0096-1523.31.1.62
http://www.ncbi.nlm.nih.gov/pubmed/15709863
https://doi.org/10.3758/bf03193146
http://www.ncbi.nlm.nih.gov/pubmed/17695343
https://doi.org/10.1023/a:1005653411471
https://doi.org/10.1023/a:1005653411471
http://www.ncbi.nlm.nih.gov/pubmed/11439754
https://doi.org/10.1016/j.humov.2007.07.002
http://www.ncbi.nlm.nih.gov/pubmed/17765345
https://doi.org/10.1016/j.humov.2009.04.007
http://www.ncbi.nlm.nih.gov/pubmed/19796834
https://doi.org/10.3389/fnhum.2014.00633
http://www.ncbi.nlm.nih.gov/pubmed/25177287
https://doi.org/10.1037/a0024005
https://doi.org/10.1037/a0024005
http://www.ncbi.nlm.nih.gov/pubmed/21639599
https://doi.org/10.1016/j.neuroimage.2016.06.013
https://doi.org/10.1016/j.neuroimage.2016.06.013
http://www.ncbi.nlm.nih.gov/pubmed/27291494
https://doi.org/10.1038/422036a
http://www.ncbi.nlm.nih.gov/pubmed/12621425
https://doi.org/10.1371/journal.pone.0227880


36. Feldman R. Mother-infant synchrony and the development of moral orientation in childhood and adoles-

cence: direct and indirect mechanisms of developmental continuity. American Journal of Orthopsychia-

try. 2007; 77(4):582. https://doi.org/10.1037/0002-9432.77.4.582 PMID: 18194038

37. Tronick EZ, Cohn JF. Infant-mother face-to-face interaction: Age and gender differences in coordination

and the occurrence of miscoordination. Child Development. 1989:85–92. PMID: 2702877

38. Endedijk HM, Ramenzoni VC, Cox RF, Cillessen AH, Bekkering H, Hunnius S. Development of interper-

sonal coordination between peers during a drumming task. Developmental psychology. 2015; 51

(5):714. https://doi.org/10.1037/a0038980 PMID: 25775110

39. Satta E, Ferrari-Toniolo S, Visco-Comandini F, Caminiti R, Battaglia-Mayer A. Development of motor

coordination during joint action in mid-childhood. Neuropsychologia. 2017; 105:111–22. https://doi.org/

10.1016/j.neuropsychologia.2017.04.027 PMID: 28454687

40. Xavier J, Gauthier S, Cohen D, Zahoui M, Chetouani M, Villa F, et al. Interpersonal Synchronization,

Motor Coordination, and Control Are Impaired During a Dynamic Imitation Task in Children With Autism

Spectrum Disorder. Frontiers in psychology. 2018; 9.

41. Lopes VP, Rodrigues LP, Maia JA, Malina RM. Motor coordination as predictor of physical activity in

childhood. Scandinavian journal of medicine & science in sports. 2011; 21(5):663–9.

42. Wrotniak BH, Epstein LH, Dorn JM, Jones KE, Kondilis VA. The relationship between motor proficiency

and physical activity in children. Pediatrics. 2006; 118(6):e1758–e65. https://doi.org/10.1542/peds.

2006-0742 PMID: 17142498

43. Lubans DR, Morgan PJ, Cliff DP, Barnett LM, Okely AD. Fundamental movement skills in children and

adolescents. Sports medicine. 2010; 40(12):1019–35. https://doi.org/10.2165/11536850-000000000-

00000 PMID: 21058749

44. Enoka RM, Christou EA, Hunter SK, Kornatz KW, Semmler JG, Taylor AM, et al. Mechanisms that con-

tribute to differences in motor performance between young and old adults. Journal of Electromyography

and Kinesiology. 2003; 13(1):1–12. https://doi.org/10.1016/s1050-6411(02)00084-6 PMID: 12488083

45. Seidler RD, Bernard JA, Burutolu TB, Fling BW, Gordon MT, Gwin JT, et al. Motor control and aging:

links to age-related brain structural, functional, and biochemical effects. Neuroscience & Biobehavioral

Reviews. 2010; 34(5):721–33.

46. Eisenberg N, Cumberland A, Guthrie IK, Murphy BC, Shepard SA. Age changes in prosocial responding

and moral reasoning in adolescence and early adulthood. Journal of research on adolescence. 2005;

15(3):235–60. https://doi.org/10.1111/j.1532-7795.2005.00095.x PMID: 20592955

47. Eisenberg N, Guthrie IK, Cumberland A, Murphy BC, Shepard SA, Zhou Q, et al. Prosocial develop-

ment in early adulthood: a longitudinal study. Journal of personality and social psychology. 2002; 82

(6):993. PMID: 12051585

48. Garcia L, Orange J. The analysis of conversation skills of older adults: Current research and clinical

approaches. Journal of Speech Language Pathology and Audiology. 1996; 20:123–.

49. Krishnan-Barman S, Forbes PA, Hamilton AFdC. How can the study of action kinematics inform our

understanding of human social interaction? Neuropsychologia. 2017; 105:101–10. https://doi.org/10.

1016/j.neuropsychologia.2017.01.018 PMID: 28119002

50. Schilbach L, Timmermans B, Reddy V, Costall A, Bente G, Schlicht T, et al. Toward a second-person

neuroscience. Behavioral and Brain Sciences. 2013; 36(04):393–414.

51. Repp BH, Su Y-H. Sensorimotor synchronization: a review of recent research (2006–2012). Psycho-

nomic bulletin & review. 2013; 20(3):403–52.

52. Chartrand TL, Bargh JA. The chameleon effect: the perception–behavior link and social interaction.

Journal of personality and social psychology. 1999; 76(6):893. https://doi.org/10.1037//0022-3514.76.6.

893 PMID: 10402679

53. Chartrand TL, Lakin JL. The antecedents and consequences of human behavioral mimicry. Annual

review of psychology. 2013; 64:285–308. https://doi.org/10.1146/annurev-psych-113011-143754

PMID: 23020640

54. Duffy KA, Chartrand TL. Mimicry: causes and consequences. Current Opinion in Behavioral Sciences.

2015; 3:112–6.

55. Farley SD. Nonverbal reactions to an attractive stranger: The role of mimicry in communicating pre-

ferred social distance. Journal of Nonverbal Behavior. 2014; 38(2):195–208.

56. Bourgeois P, Hess U. The impact of social context on mimicry. Biological psychology. 2008; 77(3):343–

52. https://doi.org/10.1016/j.biopsycho.2007.11.008 PMID: 18164534

57. Lakin JL, Chartrand TL. Using nonconscious behavioral mimicry to create affiliation and rapport. Psy-

chological science. 2003; 14(4):334–9. https://doi.org/10.1111/1467-9280.14481 PMID: 12807406

Paired walkers with better first impression synchronize better

PLOS ONE | https://doi.org/10.1371/journal.pone.0227880 February 21, 2020 21 / 22

https://doi.org/10.1037/0002-9432.77.4.582
http://www.ncbi.nlm.nih.gov/pubmed/18194038
http://www.ncbi.nlm.nih.gov/pubmed/2702877
https://doi.org/10.1037/a0038980
http://www.ncbi.nlm.nih.gov/pubmed/25775110
https://doi.org/10.1016/j.neuropsychologia.2017.04.027
https://doi.org/10.1016/j.neuropsychologia.2017.04.027
http://www.ncbi.nlm.nih.gov/pubmed/28454687
https://doi.org/10.1542/peds.2006-0742
https://doi.org/10.1542/peds.2006-0742
http://www.ncbi.nlm.nih.gov/pubmed/17142498
https://doi.org/10.2165/11536850-000000000-00000
https://doi.org/10.2165/11536850-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21058749
https://doi.org/10.1016/s1050-6411(02)00084-6
http://www.ncbi.nlm.nih.gov/pubmed/12488083
https://doi.org/10.1111/j.1532-7795.2005.00095.x
http://www.ncbi.nlm.nih.gov/pubmed/20592955
http://www.ncbi.nlm.nih.gov/pubmed/12051585
https://doi.org/10.1016/j.neuropsychologia.2017.01.018
https://doi.org/10.1016/j.neuropsychologia.2017.01.018
http://www.ncbi.nlm.nih.gov/pubmed/28119002
https://doi.org/10.1037//0022-3514.76.6.893
https://doi.org/10.1037//0022-3514.76.6.893
http://www.ncbi.nlm.nih.gov/pubmed/10402679
https://doi.org/10.1146/annurev-psych-113011-143754
http://www.ncbi.nlm.nih.gov/pubmed/23020640
https://doi.org/10.1016/j.biopsycho.2007.11.008
http://www.ncbi.nlm.nih.gov/pubmed/18164534
https://doi.org/10.1111/1467-9280.14481
http://www.ncbi.nlm.nih.gov/pubmed/12807406
https://doi.org/10.1371/journal.pone.0227880


58. Van Baaren RB, Holland RW, Kawakami K, Van Knippenberg A. Mimicry and prosocial behavior. Psy-

chological science. 2004; 15(1):71–4. https://doi.org/10.1111/j.0963-7214.2004.01501012.x PMID:

14717835

59. Stel M, Van Baaren RB, Vonk R. Effects of mimicking: Acting prosocially by being emotionally moved.

European Journal of Social Psychology. 2008; 38(6):965–76.

60. van Gaal S, De Lange FP, Cohen MX. The role of consciousness in cognitive control and decision mak-

ing. Frontiers in human neuroscience. 2012; 6:121. https://doi.org/10.3389/fnhum.2012.00121 PMID:

22586386

61. Kashino M, Shimojo S, Watanabe K. Critical Roles of Implicit Interpersonal Information in Communica-

tion. Human-Harmonized Information Technology. 1. Tokyo: Springer; 2016. p. 271–90.

Paired walkers with better first impression synchronize better

PLOS ONE | https://doi.org/10.1371/journal.pone.0227880 February 21, 2020 22 / 22

https://doi.org/10.1111/j.0963-7214.2004.01501012.x
http://www.ncbi.nlm.nih.gov/pubmed/14717835
https://doi.org/10.3389/fnhum.2012.00121
http://www.ncbi.nlm.nih.gov/pubmed/22586386
https://doi.org/10.1371/journal.pone.0227880

