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Abstract Visuomotor priming occurs when our actions

are influenced by observing a compatible or incompatible

action. Here we ask whether visuomotor priming is specific

to human, biological actions or generalises to non-biolog-

ical movements, such as abstract shapes or robots.

Reviewing the evidence indicates that priming occurs for

both types of stimuli and emphasises the contributions of

both bottom-up (e.g. stimulus saliency, appearance, kine-

matics) and top-down (e.g. attention and prior knowledge)

factors. We propose a model suggesting that although

bottom-up features play a critical role, the degree of dif-

ference in priming for biological versus non-biological

stimuli can be ultimately shaped by top-down factors.

The perception-action system

It is well known that there are intimate links between

perception and action so that observation of an action can

influence the observer’s own motor system. For example,

observing and performing a compatible action (e.g. lifting

one’s index finger while observing an index finger eleva-

tion) facilitates reaction times, whereas reaction times are

slowed when observing a movement incompatible with a

performed action (e.g. lifting one’s index finger while

observing a finger press; Brass, Bekkering, & Prinz, 2001).

These effects are collectively known as visuomotor prim-

ing or automatic imitation. One critical question is whether

biological, human actions have a particularly strong per-

ception-action linkage compared with non-biological

movements, such as those produced by robots or abstract

shapes. More specifically, is there something qualitatively

different about biological actions (such as their kinematic

structure) that enhances the perception-action linkage or

are they just more attentionally salient?

It has been suggested that visuomotor priming may result

from co-activation of compatible or incompatible sets of

mirror neurons (Blakemore & Frith, 2005). Mirror neurons,

originally identified in monkey ventral premotor cortex

(human analogue, BA 44), discharge during both observa-

tion and execution of an action (Rizzolatti & Craighero,

2004; Rizzolatti, Fadiga, Gallese, & Fogassi, 1996). Neu-

roimaging of human participants suggests that functionally

similar brain areas exist in homologous areas of premotor

cortex and inferior parietal lobe (Buccino et al., 2001;

Grafton, Arbib, Fadiga, & Rizzolatti, 1996; Grezes,

Armony, Rowe, & Passingham, 2003; Iacoboni et al., 1999;

Rizzolatti et al., 1996). The speculative link between

priming and mirror neurons is strengthened by the obser-

vation that priming is reduced following Transcranial

Magnetic Stimulation (TMS) to an area of premotor cortex,

the Inferior Frontal Gyrus (IFG; Catmur, Walsh, & Heyes,

2009). If priming is based on mirror neuron activation, then

the perception-action system should respond preferentially

to human actions. As will become apparent, however, vis-

uomotor priming is not always unique to, or greater for,

biological stimuli. This review will bring together work that

has compared visuomotor priming for biological and non-

biological stimuli to attempt to clarify whether priming

differs between these two types of stimuli.
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Our review has been prompted by a number of recent

developments. Firstly, there are concerns that apparent

differences in priming between biological and non-bio-

logical stimuli may be accounted for by stimulus saliency.

That is, biological stimuli may prime compatible actions

simply because they are more salient (e.g. Jansson, Wilson,

Williams, & Mon-Williams, 2007). Secondly, new work

highlights the role of top-down factors such as attention

and task instructions in visuomotor priming, suggesting

that priming is not as automatic as initially thought (e.g.

Longo, Kosobud, & Bertenthal, 2008). Thirdly, neuroim-

aging studies indicate that activity in brain areas that are

part of the mirror neuron system is not confined to stimuli

of biological origin (e.g. Gazzola, Rizzolatti, Wicker, &

Keysers, 2007). In this review, we initially summarise

those studies that have compared visuomotor priming in

biological and non-biological stimuli (Table 1), then move

on to highlight what factors influence the priming elicited

by these stimuli. Finally, we provide a model that

emphasises top-down modulation of priming and can

explain many of the previous contradictory findings. The

focus of this review is primarily on the behavioural effects

of the two stimuli; see Press (2011) for discussion of

behavioural and neural distinctions.

Measuring visuomotor priming

In a typical visuomotor priming paradigm, participants are

presented with an action or movement on a screen. They

must make a pre-specified response to either the onset of

this movement or a separate go signal. Importantly, the

characteristics of the observed action have no relevance to

the participant’s response. Compatibility, between this

observed irrelevant action and the participant’s response, is

varied over trials. The degree of visuomotor priming is

measured by the size of the compatibility effect; reaction

times for compatible observation-execution pairs sub-

tracted from incompatible couplings. This paradigm is

based on the principles of Stimulus–Response compatibil-

ity (SRC: for a review see Heyes, 2011). SRC refers to the

finding that similar stimuli and responses lead to faster

reaction times due to stronger stimulus–response mappings

(Cho & Proctor, 2003; Kornblum, Hasbroucq, & Osman,

1990; Vu & Proctor, 2004).

The basic priming task has been adapted in a number of

ways, which can make comparing the results from different

studies difficult. Firstly, paradigms can be divided into

those that measure compatibility of the type of movement or

the effector that is moved (Gowen, Bradshaw, Galpin,

Lawrence, & Poliakoff, 2010; Heyes, 2011; although see

Leighton & Heyes, 2010; Press, Gherri, Heyes, & Eimer,

2010 for rare examples whether the two paradigms have

been combined). For example, if one were making a press

response with one’s index finger, a movement compatibility

effect would contrast viewing an index finger making a

press response (compatible) with an index finger making a

release response (incompatible). In contrast, an effector

compatibility effect would contrast viewing an index finger

(compatible) versus another finger (incompatible) making a

press response (Fig. 1). Secondly, the participant may make

a pre-planned response (as described above), that is they

know that they will always be making a press response with

their index finger or they may have a choice task, where

their response is determined by the stimulus that they view.

Interestingly, movement compatibility has nearly always

been measured using a pre-planned task, while effector

compatibility has always been measured using a choice

task. Thirdly, the go signal may be the onset of the observed

movement, the onset of a visual cue or an auditory tone.

Fourthly, a range of different stimuli have been used

including fingers, hands or arms for biological stimuli and

robots or abstract shapes for non-biological stimuli. Fifthly,

biological and non-biological stimuli are either presented

within mixed or separate blocks. In the following para-

graphs, we review the various studies comparing priming

for biological and non-biological stimuli, summarised in

Table 1. We consider how the above adaptations may have

influenced the results. As movement and effector compat-

ibility may call on different processes we review them

separately (Vogt, Taylor, & Hopkins, 2003).

Movement compatibility

In one of the earliest studies on visuomotor priming, Stürmer,

Aschersleben, and Prinz (2000) used movement direction to

examine priming between a biological (human hand) and

non-biological (bar) stimulus. Separate groups of partici-

pants observed either a video of a human hand spreading

apart then closing, or a bar moving upwards or downwards.

They had to make a predefined grasping or spreading action

when the stimulus turned a particular colour. Priming was

observed for both conditions, although the compatibility

effects do appear smaller for the bar stimulus. Using a similar

approach, Press, Bird, Flach, and Heyes (2005) used an

opening or closing hand to elicit priming: actions were either

compatible (observe hand opening, perform hand opening)

or incompatible (observe hand opening, perform hand clos-

ing). They compared observation of a human and robot hand

and found that although priming effects were greater for the

human hand, significant priming effects were also present for

the robot hand. Jansson, Wilson, Williams, and Mon-

Williams (2007) repeated this study, but replaced the robot

hand with two dots that could be close together or further

apart. In contrast to the original findings, they observed

equivalent priming for biological and non-biological stimuli.
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In a similar manner, Brass et al. (2001) compared the

effects of upward/downward biological (moving index fin-

ger) or non-biological motion (a moving black square). In

one block, participants were instructed to make a finger

press and in the other block a finger lift. In compatible trials,

stimulus and action were in the same direction, whereas in

incompatible trials they were in different directions (e.g.

observed finger lift, executed finger press). Significant

compatibility effects were observed for the finger move-

ment only, with a non-significant trend for the moving

object. However, Jansson et al. (2007) repeated the Brass

et al. (2001) study, but presented biological and non-

biological stimuli in separate blocks, and found visuomotor

priming effects in both cases. Poliakoff, Galpin, Dick,

Moore, and Tipper (2007) and Gowen et al. (2010) used a

similar paradigm to Brass et al. (2001), but asked partici-

pants to respond to the onset of an ‘‘X’’ go signal, following

the observation of a moving finger or square. Poliakoff and

colleagues found that priming was greater for the biological

stimulus in a group of elderly participants, whereas Gowen

et al. (2010) observed significant priming for the biological

stimulus only in a group of younger adults.

Using a different approach, Kilner, Paulignan, and

Blakemore (2003) measured spatial interference effects as

opposed to reaction times. The participant moved their arm

in time with that of an actor. Compatible movements are

those in the same plane (e.g. both vertical), while incom-

patible movements are in different planes (e.g. actor moves

in horizontal plane, participant in vertical plane). Move-

ments made while observing an incompatible action show

greater variation in the plane of the incompatible move-

ment, termed movement interference. Kilner et al.

observed that movement interference was present for the

human actor, but not an industrial robotic arm.

Table 1 Overview of studies comparing biological with non-biological stimuli, divided according to whether movement or effector compati-

bility is measured (in chronological order)

Study Priming Stimuli Blocked

or mixed

Stimulus saliency Spatial

compatibility

Kinematics

Movement Compatibility

Sturmer et al.

(2000)

B [ N Human hand and bar (up/down movement) Blocked Uncontrolled Uncontrolled Unclear

Brass et al.

(2001)

B only Human finger (index) and black square

(up/down movement)

Mixed Uncontrolled Uncontrolled Controlled (B

kinematics)

Kilner et al.

(2003)

B only Human arm and industrial robotic arm

(horizontal/vertical movements)

Mixed Uncontrolled Uncontrolled Uncontrolled

Press et al.

(2005)

B [ N Human hand and robot (opening/closing) Blocked Semi-controlled

(similar sizes)

Semi-

controlled

Controlled

(apparent

movement)

Jansson et al.

(2007)

B = N Finger and pen (up/down movement) Blocked Controlled Uncontrolled Controlled

(apparent

movement)

Jansson et al.

(2007)

B = N Human hand and two dots (opening/

closing)

Blocked Uncontrolled Semi-

controlled

Controlled

(apparent

movement)

Poliakoff et al.

(2007)

B [ N Human finger and square (up/down

movement)

Mixed Semi-controlled

(separate go

signal)

Uncontrolled Controlled (B

kinematics)

Gowen et al.

(2010)

B only Human finger and square (up/down

movement)

Mixed Semi-controlled

(separate go

signal)

Controlled Controlled (B

kinematics)

Effector Compatibility

Brass et al.

(2000)

B [ N Human index/middle finger (up/down

movement) and Spatial X (appearance)

Blocked Uncontrolled Uncontrolled Uncontrolled

Biermann-Ruben

et al. (2008)

B [ Na Human index/middle fingers and red dots

(up/down movement)

Mixed Semi-controlled

(separate go

signal)

Uncontrolled Controlled (B

kinematics)

The table also details whether the stimuli were mixed or presented in separate blocks and whether stimulus saliency, spatial compatibility and

kinematics were controlled for the two stimulus types (columns 4–7)

B biological, N non-biological
a Unclear from results whether a significant difference between compatible and incompatible trials exists for each type of stimulus (only

interaction presented)
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Effector compatibility

Brass, Bekkering, Wohlschlager, and Prinz (2000) com-

pared priming between a moving finger and a spatial cue.

In each trial, either the index or middle finger lifted and an

‘‘X’’ appeared on the fingernail of one of the fingers. In the

spatial cue block, participants chose whether to lift their

index or middle finger according to which finger the ‘‘X’’

appeared on, while in the finger movement condition, par-

ticipants were required to lift the finger according to which

finger they observed move. Brass and colleagues hypoth-

esised that as the moving finger matches the response more

closely than the spatial cue, reaction times should be faster

when responding to the moving finger, which they found to

be the case. Compatibility effects were examined for the

task-irrelevant aspect of the stimulus; the location of

the spatial cue when attending to the moving finger and the

moving finger when attending to the location of the spatial

cue. They found that an incompatible finger movement had

a larger influence on spatial cue trials, compared to the

effect of the spatial cue on finger movement trials, sug-

gesting a stronger influence of a biological movement.

However, as this paradigm measures the degree to which

reaction times are influenced by concurrent stimuli

appearing in different locations, it may measure the capture

of exogenous attention by different stimuli, rather than

direct priming of the visuomotor system (see Chong,

Cunnington, Williams, & Mattingley, 2009 for a similar

view). Therefore, this methodology is not ideal to examine

differences in priming between biological and non-bio-

logical stimuli.

Biermann-Ruben et al. (2008) used a modified version

of an effector compatibility choice task in which partici-

pants lifted either their index or little finger depending on

which tone they heard. In the biological condition, prior

to the tone, they observed a series of irrelevant lifting and

depressing finger movements of either the index or little

finger, while in the non-biological condition, the finger

movements were replaced with a red dot movement up

and down over either finger. The tone occurred either at

the onset or at offset of the final finger/dot movement. As

the final observed movement was always downwards and

the participant’s action was always a finger lift, both the

onset and offset conditions are additionally influenced by

the type of movement, that is there are actually two

compatibility components (effector and movement).

Consequently, the results are difficult to interpret and we

just focus on the onset findings, when movement direc-

tion is compatible. Reaction times were faster in the

compatible (effector) conditions for both stimuli, but

there was significantly more priming for the biological

condition.

In summary, while the majority of studies show that

priming is greater for, or restricted to, observation of a

biological stimulus, two studies found no difference in

priming between the two types of stimuli. In the next

section, we explore possible factors that influence the level

of priming for either type of stimuli.

Factors influencing priming

Stimulus saliency

One potential confound is that stimulus saliency may differ,

with non-biological stimuli tending to be smaller, covering

less surface area and dimmer than the biological stimuli.

From Table 1, column 5 it can be seen that the majority of

studies do not control for stimulus saliency, meaning that

the smaller compatibility effects for the non-biological

stimulus may merely reflect them being less noticeable and

less attention-grabbing. Effector compatibility tasks and

those that use the onset of the observed movement as the go

signal are particularly susceptible to stimulus saliency

confounds, since greater relevance is placed on detecting the

observed movement. Aicken, Wilson, Williams, and

Mon-Williams (2007) tackled this issue directly by

increasing the size of the X in the task used by Brass et al.

(2000). They observed that reaction times were now actu-

ally faster when responding to the X and there was no

influence of the moving finger when responding to the X.

Saliency effects have also been reported in movement

compatibility experiments; when Jansson et al. (2007)

modified the study by Brass et al. (2001), where a trend for

compatibility effects in the non-biological stimulus was

observed, they found similar levels of priming for a finger

stimulus and a more visually salient pen movement.

Although their stimuli were unmatched for angular dis-

placement, this work highlights that, at the very least,

experimenters should attempt to equate the stimulus char-

acteristics for the two stimulus types. It may indicate,

however, as argued by Jansson and colleagues (2007), that

apparent differences in priming between biological and non-

biological stimuli are only due to saliency, with such dif-

ferences only occurring when stimulus saliency is unequal.

Nevertheless, as will be discussed in the next section, it

appears that stimulus saliency confounds cannot completely

account for all reported findings. For example, when we

attempted to reduce stimulus saliency confounds by using

the same go signal for biological and non-biological stimuli,

we still observed greater priming for the biological stimulus

(Gowen et al., 2010; Poliakoff et al., 2007). However,

although the go signal was the same in both conditions, the

stimuli themselves still differed in size and brightness.
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Stimulus response compatibility

Another consideration is the possibility that priming rep-

resents SRC effects that are not specific to imitation of

biological actions. Spatial SRC effects occur where

responses are faster to spatially aligned stimuli (Cho &

Proctor, 2003). For example, in an effector compatibility

task, if the participant views a mirror image of the right

hand that they are using to respond, a moving index finger

on the left also maps onto the spatial location of the par-

ticipants own index finger (Fig. 1), i.e. it has lateral spatial

compatibility. Therefore, one should remove as many of

these non-specific SRC effects and examine what level of

priming is left for the relevant dimension. Some studies

have attempted this by removing spatial SRC effects and

support the presence of an ‘‘imitative component’’ separate

to spatial compatibility (Bertenthal, Longo, & Kosobud,

2006; Catmur and Heyes, 2011). Heyes (2011) has exten-

sively reviewed this area and suggests that compatibility

effects attributed to priming can be separated from spatial

SRC. For example, Catmur and Heyes (2011) used an

effector compatibility choice task where participants

responded to a colour cue with abduction of either their

index or little finger. Critically, the hand stimulus that they

observed could be either a right or left hand so that all

different combinations of spatial compatibility (the

observed finger and response finger on the same side) and

effector compatibility (the observed finger and response

finger anatomically the same) could be tested. Both

effector and spatial compatibility contributed separate

components to the overall compatibility effect and exhib-

ited different time courses with spatial compatibility

occurring earlier.

The same kind of approach has also been used in a

movement compatibility task (up/down movement); Brass

et al. (2001) horizontally flipped the observed hand so that

the direction of the finger movement did not match the

response, e.g. an upward finger movement was seen to

move downward, whilst still priming an upward finger

movement. This enabled them to measure an effect of

movement compatibility for a moving finger that was

independent of the observed direction. Lateral spatial

compatibility (left–right position of the stimulus) is of less

importance in movement compatibility tasks compared to

effector choice tasks, since it cannot confound the com-

patibility effect of interest and because there is less visual

Movement 
compatibility

Response

Effector

compatibility

Press 

response

Compatible IncompatibleFig. 1 An illustration of the

different types of compatibility

effect, measured for a press

response with the index finger.

A movement compatibility
effect compares viewing the

index finger making a press

movement (compatible) and the

index finger making a release

movement (incompatible). An

effector compatibility effect

compares viewing the index

finger making a press movement

(compatible) and the middle

finger making a press movement

(incompatible)
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processing of the stimulus for a pre-planned response

(Vogt et al. 2003). Nevertheless, it may still exert an

influence1. However, Gowen et al. (2010) showed that the

up/down priming from a finger was greater than that of a

moving block, whether the observed moving finger was on

the same side (viewing a mirror image left hand) or on the

opposite side (viewing a right hand) as the right hand index

finger they used to respond.

Although the above studies indicate a priming component

specific to biological stimuli, they do not rule out the pos-

sibility that this component is based on the principles of

SRC. While Specialist theories of imitation argue that imi-

tation of human actions is mediated by a dedicated and

unique imitation mechanism, Generalist theories argue that

imitation depends on more general motor processes (see

Brass & Heyes, 2005 for a review). One generalist theory is

the associative sequence learning (ASL) model (Cook,

Press, Dickinson, & Heyes, 2010; Heyes, 2001, 2010),

which is based on the associative stimulus–response mech-

anisms involved in Pavlovian and instrumental condition-

ing. It is proposed that there are a series of excitatory links

between sensory and motor aspects of the same action that

form from experience of self-observation and being imi-

tated. The ASL model suggests that greater visuomotor

priming may occur for human stimuli due to more experi-

ence of observing and executing human actions leading to

correlated visuomotor associations. Supporting this possi-

bility, Press, Gillmeister, and Heyes (2007) showed that

priming produced by a robotic hand reached similar levels to

that of a human hand following compatible training with the

robot hand. Therefore, smaller priming effects for non-bio-

logical stimuli may simply be due to less experience of these

stimuli leading to weaker stimulus–response associations.

Quite clearly, the evidence indicates that both experi-

ence and visual saliency play a role in the level of priming

for biological and non-biological stimuli. However, it is far

from clear how these factors interact and the following

observations suggest that other factors may also be at play.

Firstly, the effect of correlated visuomotor experience

reported by Press et al. (2007) argues against a fixed role

for stimulus saliency, as we would not expect priming to

increase when saliency remains the same. In addition, it is

unclear why Jansson et al. (2007) found equivalent priming

for a hand and two dots which were clearly unmatched in

terms of stimulus saliency, whereas Press et al. (2005)

found less priming for a robot compared to human hand,

which arguably differed less in saliency. Similarly,

whereas Kilner et al. (2003) found no movement

interference for a robot arm, Jansson et al. (2007) observed

interference when participants observed a moving dot: if

SRC and saliency factors were key to producing interfer-

ence it is unclear as to why none was found for the large

and obvious industrial robotic arm. On the other hand, if

visuomotor experience is the key factor in determining

priming, why did Jansson et al. (2007) observe equivalent

priming for pens, moving dots and fingers? In addition to

these points, there are a number of findings relating to

stimulus kinematics and top-down control that are difficult

to explain using either experience or saliency and are dis-

cussed in the following sections.

Movement kinematics

Biological and non-biological stimuli have different

movement kinematics: human movements contain more

variability and have a non-linear profile, whereas non-

biological stimuli move with a constant velocity profile

(Hogan, 1984). To what extent is priming to biological

compared to non-biological affected by either the kine-

matics or appearance of stimuli? In studies that have con-

trolled for both stimulus saliency and kinematics, by giving

the two stimulus types the same biological motion, one

would expect priming to be equal if kinematics were the

key. However, it can be seen from Table 1, that priming is

solely confined to, or greater for the biological stimulus in

a number of such studies suggesting that appearance is

more influential. On the other hand, some studies suggest

that kinematics do affect priming (see Press, 2011). Kilner,

Hamilton, and Blakemore (2007) compared movement

interference when participants watched either a ball or

human arm moving with a biological or non-biological

velocity profile. When observing the human arm move-

ment, interference was only apparent with biological

kinematics, but interference was present for both move-

ment profiles when observing the ball stimulus. Bouquet,

Gaurier, Shipley, Toussaint, and Blandin (2007) also

reported similar interference for both biological and non-

biological kinematics, when participants observed a mov-

ing dot. These results suggest a complex interaction

between kinematics and appearance for human stimuli: the

unusual combination of non-biological kinematics and

human form removed interference. Furthermore, interfer-

ence has only been found for biological compared to arti-

ficial kinematics when using a humanoid robot

(Chaminade, Franklin, Oztop, & Cheng, 2005; Oztop,

Frankline, Chaminade, & Cheng, 2005). Therefore, prim-

ing for biological stimuli does appear to be influenced by

both kinematics and appearance, whereas there is less

impact of biological kinematics when stimuli appear arti-

ficial. It is difficult to understand these results using just

visual saliency or experience.

1 We did, however, observe an effect of view on the size of

compatibility effects in a condition which required people to attend

closely to the movement of the finger or block and report odd-ball

movements. This manipulation also removed the difference between

biological and non-biological stimuli.
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Top-down factors

There is increasing evidence that top-down processes

related to social cognition can influence lower level per-

ceptual and motor processes (Teufel, Fletcher and Davis,

2010). For example, paying close attention during action

observation has been found to increase sensorimotor

responses (Muthukumaraswamy & Singh, 2008). In

regards to automatic imitation, as highlighted by Heyes

(2011), the same stimuli can elicit different levels of

priming according to top-down factors such as instructions

and attention. In a movement interference task, we asked

participants to move their arm in time with a moving dot

either in the compatible or incompatible direction (Stanley,

Gowen, & Miall, 2007). The dot moved with kinematics

that matched a human actor (biological) or with an artificial

constant velocity (non-biological). We compared move-

ment interference in two groups of participants: one group

was instructed that both dots were computer generated, and

the other group was instructed that both dots were pre-

recorded human arm movements. Thus, the relative

importance of movement kinematics and the ‘‘belief’’ that

the movements were of human origin could be contrasted.

Interestingly, interference was only observed in the group

who had been given the human agency instructions across

both the biological and non-biological conditions. There-

fore, in addition to movement kinematics and appearance,

interference is strongly influenced by prior knowledge

regarding the agency of the movement. Longo and

Bertenthal (2009) and Liepelt and Brass (2010) also

observed that priming for moving fingers was reduced

when participants were explicitly told or shown that the

same hand was virtual or wooden as opposed to real (see

Tsai & Brass, 2007 for a related finding). There does

however, appear to be a limit to this top-down influence.

Press, Gillmeister, and Heyes (2006, Exp. 2) compared the

effect of instruction on a schematic picture of a hand with

biological movement and a schematic, angular robot hand

that moved in a non-biological manner. Questionnaire data

suggested that instructions significantly altered belief for

the two stimuli, with participants judging the stimuli pre-

sented under ‘‘human’’ instruction as more animate.

Although priming was smaller for the robotic stimuli, the

amount of priming was unaffected by the instruction for

either stimulus. Here, it seems that even if people believe

stimuli to be of a particular origin, these top-down effects

have less weighting when bottom-up information relating

to appearance and kinematics is unambiguous.

It is worth considering whether the choice of stimuli in

different studies may have implicitly led to beliefs or

affective states being formed which influenced whether

differences in priming between biological and non-bio-

logical stimuli were observed. A well-known phenomenon

in the field of robotics is the uncanny valley. As one

gradually makes a robot (or virtual character) more human-

like in its appearance and kinematics, one might predict a

linear increase in how much the robot is liked. There is

however, an ‘‘uncanny valley of eeriness’’, whereby people

experience a strong aversion to characters that are close to,

but fall short of, being human (Mori, 1970). This response

has been widely documented in humans and an analogous

response has recently been observed in monkeys

(Steckenfinger & Ghazanfar, 2009). Such a response in a

particular experiment may have led to a reduction in

priming by what was meant to be a biological stimulus or a

non-biological stimulus. In the latter case, a stimulus that is

more human-like (e.g. a robot hand), with a particular

combination of kinematics and appearance, could in fact

produce less priming than a more abstract non-biological

stimulus that does not generate this emotional response.

Possible routes by which priming might be modulated by

this emotional aversion are discussed in the next section.

Finally, we have also observed that priming from the

same stimuli can be influenced by attentional state (Gowen

et al., 2010). Using a similar paradigm to Poliakoff et al.

(2007), participants watched an upward or downward

moving index finger or square and made a predefined key

press or lift when a ‘‘X’’ cue appeared on the finger at the

end of the movement (Experiment 1). Compatibility effects

were only present for the biological finger condition.

However, when the X cue was replaced by a diffuse flash,

priming was observed for both types of stimulus (Experi-

ment 2a), suggesting that when attention was less focussed

on the moving finger or square, stimulus differences were

not reflected in the level of priming. These results indicate

that differentiation of the two stimulus types may be an

active process. A further observation, that may be

explained by attention, is that when trials of biological and

non-biological stimuli are mixed within the same block of

trials (Brass et al., 2001; Gowen et al., 2010; Kilner et al.,

2003), priming for non-biological stimuli is more likely to

be non-significant (Table 1). In contrast, when presented as

separate blocks, priming is significant for non-biological

stimuli (Brass et al., 2000; Jansson et al., 2007; Press et al.,

2005; Stürmer et al., 2000). We suggest that under the

mixed block context, attention is drawn to the differences

between the stimuli, leading to a modulation in priming.

Modelling visuomotor priming

The review so far indicates that any account of visuomotor

priming needs to take account of the effects of stimulus

saliency and experience, as well as the different priming

responses that occur when kinematic profiles or attention

and instructions vary. In this section, we introduce a model
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that attempts to integrate these findings in order to explain

priming for non-biological and biological stimuli. We

make a distinction between pure biological stimuli where

the kinematics and appearance are human, non-biological

stimuli, which are entirely abstract and have no previous

association with human movements and ambiguous stim-

uli, which are artificial in nature, but share characteristics

with human appearance or kinematics (e.g. robotic or

wooden hands, abstract shapes with biological kinematics).

The model comprises two main routes (Fig. 2). The

visuomotor route consists of parietal and frontal circuits

involving the translation of visual information into action

via SRC mechanisms which produces visuomotor priming

by facilitating or interfering with the programming of the

participant’s response. In line with previous suggestions,

priming along this route could occur via two mechanisms

(Chong, Williams, Cunnington, & Mattingley, 2008;

Hamilton, 2008; Rizzolatti, Fadiga, Fogassi, & Gallese,

2002; van Schie et al., 2008). One mechanism is a rela-

tively low-level form of priming which occurs in an

automatic manner and is dependent on bottom-up factors

such as visual saliency and experience with the stimuli.

The other mechanism is a higher level, taking into account

action goals. Both biological (black arrows) and non-

biological (striped arrows) are processed within the visu-

omotor pathway, although they are likely to involve dif-

ferent neural areas (Casile et al., 2010). For example, only

signals from biological stimuli would be processed by the

superior temporal sulcus (STS), which is consistently

involved in biological motion (Bonda, Petrides, Ostry, &

Evans, 1996; Grossman, Battelli, & Pascual-Leone, 2005).

The visuomotor route is similar to the direct route of

Ferrari, Bonini, and Fogassi (2009) and the long-term SRC

associations described by Heyes (2011), although our

definition is broader to take into account movement goals

and the processing of both biological and non-biological

stimuli.

Our model also comprises a modulating, top-down route

involving areas within the prefrontal cortex that receive

and process information relating to appearance, kinematics,

prior instructions, context and attention. This route may

modulate priming via the inferior frontal gyrus, which has

been associated with inhibition of visuomotor priming

(Bien, Roebroeck, Goebel, & Sack, 2009; Brass, Derrfuss,

& von Cramon, 2005; Chong et al., 2008; Molnar-Szakacs,

Iacoboni, Koski, & Mazziotta, 2005). For non-biological

stimuli, if attention is drawn to the non-biological nature of

the stimulus, priming may be inhibited. The other main

Visual processing of 
appearance and 

kinematics 

Visual association 
areas and STS 

Action goals 
Lower level resonance/ 

stimulus-response interactions 

Parietal-premotor brain areas 

Similar/dissimilar 
Other 

Paracingulate 
cortex 

Inhibitory 
Control 

Inferior 
frontal gyrus 

Instruction/prior 
knowledge/attention 

Dorsolateral prefrontal 
cortex 

Motor 
output 

Visual 
input 

Visuomotor route 

Modulating 
route 

Fig. 2 Visual information relating to stimuli deemed to be biological

(black lines) and non-biological (striped lines) is transformed into

motor output to produce priming along the visuomotor route. This

route is influenced by the modulating pathway consisting of prefrontal

areas. When observing human-related stimuli, information regarding

appearance, kinematics and prior knowledge is integrated within this

route to weight how similar the stimulus is to oneself. If the stimulus

is dissimilar, priming is inhibited via the IFG. In the case of non-

biological stimuli, if attention is directed towards the nature of the

stimulus, priming would be inhibited via the IFG
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area involved in the modulating route is an area within the

medial prefrontal cortex (mPFC), the paracingulate cortex,

which is thought to play a role in tasks that require the

predicting and understanding of human actions and char-

acteristics, as well as those involving self referential pro-

cessing (Amodio & Frith, 2006; Castelli, Happe, Frith, &

Frith, 2000; Frith & Frith, 2006; Gallagher et al., 2000;

Gallagher & Frith, 2003; Krach et al., 2008; Mitchell,

Banaji, & Macrae, 2005a, 2005b; Mitchell, Heatherton, &

Macrae, 2002; Ramnani & Miall, 2004). In line with work

suggesting a dissociation between actions and more com-

plex processes relating to social understanding (Van

Overwalle & Baetens, 2009), we suggest that in the context

of action observation, this area only becomes active when

conflicting signals within the visuomotor route arise or top-

down factors suggest that the origin of the stimulus (human

versus non-biological) is important. Under such circum-

stances, we propose that the paracingulate cortex forms a

type of ‘‘comparator’’ where signals regarding kinematics,

appearance and prior knowledge are analysed to interpret

the stimulus. This integration of top-down and bottom-up

signals shares similarities with the predictive coding

account (Kilner, Friston, & Frith, 2007) and a recent model

by Chaminade and Cheng (2009), where input about the

stimulus properties is compared to our predictions in order

to gauge how closely the stimulus meets our expectations.

However, in our model, the paracingulate cortex provides a

possible integration site where these various predictions

and prediction errors meet and are assimilated.

This comparator role of the paracingulate cortex is

supported by evidence that the paracingulate cortex is

divided into at least two different functional regions: ven-

tral and dorsal (Jenkins, Macrae, & Mitchell, 2008;

Mitchell et al., 2005b; Mitchell, Macrae, & Banaji, 2006).

In a recent study (Stanley, Gowen, & Miall, 2010), we

examined brain activity while we manipulated participants’

beliefs about whether an observed stimulus was of a human

or computer origin. We found that the ventral paracingulate

cortex was mainly responsive to the human instruction,

whereas the dorsal region of the paracingulate cortex was

active when the stimulus and instructions were inconsis-

tent. Thus, the ventral paracingulate may encode stimuli

deemed to be similar to ourselves, whereas dorsal para-

cingulate cortex may process information from ambiguous

scenarios where prior knowledge or appearance and stim-

ulus content are not easily reconciled. Supporting this idea,

Marsh and Hamilton (2011) reported that paracingulate

activity differentiated between observed rational and irra-

tional actions. Therefore, we suggest that the paracingulate

cortex becomes active when conflict arises or further

analysis of the stimulus is required: if the stimulus is

judged as a dissimilar other, the dorsal paracingulate will

be activated and priming along the visuomotor route will

be inhibited. Inhibition could arise either through feedback

to the STS (Teufel, Fletcher, & Davis, 2010), via direct

connections from the paracingulate cortex to the visuo-

motor route or via the IFG. Equally, if the observer has

prior knowledge that the stimulus is human-generated or

similar to themselves, the ventral paracingulate cortex may

become active and enhance priming via the aforementioned

connections. This relationship between the paracingulate

cortex and motor areas remain speculative at present, as no

activation was observed in premotor areas or the IFG

during the human instruction condition in our previous

study (Stanley et al., 2010). However, a link between the

paracingulate cortex and visuomotor priming is supported

by recent evidence showing that tasks relating to ToM,

self-referential processing and imitation activate similar

areas of the mPFC (Spengler, von Cramon, & Brass, 2009)

and that ToM ability and level of priming is correlated

(Spengler, von Cramon, & Brass, 2010).

At present, there is insufficient evidence to understand

exactly how the visuomotor or modulating route of our

model processes the various forms of ambiguous stimuli. In

a related model, Chaminade and Cheng (2009) have sug-

gested that the strength with which a stimulus activates

bottom-up processes depends on whether there are existing

representations of the action: this would be strongest for

human stimuli, intermediate for humanoid robots and

nonexistent for industrial robots. When top-down processes

occur to interpret the bottom-up input from the humanoid

robot, this would produce a large predictive error signal as

predictions regarding what a human stimulus should look

like are violated by the humanoid form. This predictive

error would become smaller, the more closely the

humanoid robot resembled a human. Therefore, the manner

in which ambiguous stimuli are processed is likely to

depend on a combination of stimulus properties as well as

prior knowledge and attention. For example, Carter,

Hodgins, and Rakison (2011) compared brain activity

during observation of grasping actions by either a human

actor, a humanoid robot with biological kinematics, a robot

constructed out of abstract blocks with biological kine-

matics or a mechanical claw with artificial kinematics.

They found that STS activity increased when the human

actor and humanoid robot shifted or missed the goal, but no

modulation was apparent for the other two stimuli. In

addition, mPFC activity was greater for the former two

stimuli. These findings suggest that the actions of the

human actor and humanoid robot were processed similarly

and activated the modulatory route when goals and kine-

matics were mismatched. In contrast, the block robot and

claw were not processed in terms of goals and perhaps just

activated neural circuits within the visuomotor route.

According to our model, visuomotor priming for both

biological, non-biological and ambiguous stimuli can be
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influenced in three ways. Firstly, if bottom-up factors

relating to stimulus appearance and kinematics of a bio-

logical stimulus are in conflict this may be detected by the

STS and forwarded to the paracingulate cortex, which

modulates the level of priming. An example would be the

observation that movement interference for a human or

humanoid arm only occurs if the kinematics are human

rather than artificial (Chaminade et al., 2005; Kilner,

Hamilton, et al., 2007; Oztop et al., 2005). Indeed, a

humanoid arm may be processed in a similar way to a

human arm, as highlighted by similar brain activity fol-

lowing observation of the actions of a humanoid robot and

human actor (Carter et al., 2011). Mismatch between

appearance and kinematics has been directly examined in

an fMRI paradigm measuring brain responses during

observation of (1) a human (2) a humanoid robot moving

with non-biological kinematics and (3) the same robot as in

(2) moving with identical non-biological kinematics, but

with the human features stripped off, leaving metal

(Saygin, Chaminade, Ishiguro, Driver, & Frith, 2011).

Greater repetition suppression was observed in parietal

areas for the humanoid robot compared to the other two

conditions, suggesting higher neural activity for the

humanoid robot. Saygin et al. (2011) interpret these findings

according to predictive coding framework, where brain

activity is highest when predictions are violated, with a

large error produced by the mismatch between the human

appearance and non-biological kinematics. Referring back

to our earlier discussion of the ‘‘uncanny valley of eeri-

ness’’, such a mismatch may lead to both modulation of

priming and the sense that the stimulus is in some way eerie.

Secondly, priming can be modulated if the appearance

and/or kinematics of the action are inconsistent with any

action goals. The goal of an action may be higher or lower

level: lower level goals can refer to grasping an object

along with its associated sub-goals (move arm, open fin-

gers, etc.), while higher-level goals can refer to commu-

nicative actions. Liepelt, Prinz, and Brass (2010)

demonstrated that priming in response to a wooden hand

only occurred when the action appeared appropriate to the

wooden hand. For example, priming occurred to grasping

an apple, but not to a communicative gesture. Here it

seems, that a wooden hand grasping an object is not

unexpected, possibly due to our exposure to animals and

robots lifting and moving objects. One important aspect of

this experiment was that participants responded 1,915 ms

after presentation of the stimulus, providing enough time

for higher level processing of the meaning of the action and

possible activation of the modulating route. Integration of

the different visual and contextual signals within the par-

acingulate cortex may have led to top-down control over

priming via the IFG. If participants had been asked to

respond immediately following stimulus presentation,

priming may also have been present for the communicative

gesture.

Thirdly, top-down factors such as prior instructions and

attention may modulate priming. In the case of instructions

highlighting the non-biological nature of a stimulus, inhi-

bition of priming may occur via the DLPFC-IFG route.

This is consistent with studies showing that priming to

identical human-like stimuli is reduced when participants

are led to believe the stimuli are artificial (Liepelt & Brass,

2010; Longo & Bertenthal, 2009). It is important to note

that priming in these previous studies was reduced, but not

eliminated by the non-biological belief condition indicating

that instructions or prior knowledge are less effective when

stimulus appearance is unambiguous. Indeed, instructions

do not affect priming when appearance and kinematics are

matching as in the case of a human-like hand moving

biological kinematics (Press et al., 2006). Under such cir-

cumstances, where stimulus properties and instructions are

in conflict, our model suggests that the paracingulate cortex

compares these conflicting bottom-up and top-down inputs

and modulates the degree of priming according to how

related the stimulus is to oneself. In cases where stimulus

appearance may be more ambiguous, as with a moving dot

(Stanley et al., 2010), there may be less conflict between

the stimulus and knowledge, so instruction has more

weighting: we observed interference for the human

instruction, but no interference for the computer instruc-

tion. Alternatively, Press (2011) suggests that greater

attention to the dot in the human belief condition could

have produced greater priming for the ‘‘human’’ compared

to ‘‘computer’’ instruction condition. Although this is a

possibility that requires further exploration, we think that it

is unlikely to explain the results of Stanley et al. since

interference for moving dot stimuli is consistently observed

in experiments that do not involve instruction conditions

(Bouquet et al., 2007; Jansson et al., 2007; Kilner, Friston,

et al., 2007; Kilner, Hamilton, et al., 2007; Stanley et al.,

2007, Experiment 1). It is therefore surprising that no

interference was observed for the moving dot in the

‘‘computer’’ instruction condition. Consequently, we sug-

gest that our belief manipulation inhibited interference for

the ‘‘computer’’ instruction and maintained a baseline level

of interference for the ‘‘human’’ instruction. In order to

confirm this, we would need to compare interference

between an instruction and no instruction condition.

Interestingly, it has recently been observed that prior

priming of social concepts led to an increase in the com-

patibility effect from moving fingers both in a movement

compatibility (Leighton, Bird, Orsini, & Heyes, 2010) and

an effector compatibility task (Cook and Bird, 2011). This

suggests that responses to biological stimuli can be boosted

under the right circumstances, although there was no non-

biological baseline in these experiments. It remains to be
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seen whether a negative mood induction, or emotional

aversion (such as the ‘‘uncanny valley’’) reduce priming. A

further question is whether this integration of top-down and

bottom-up signals occurs each time the stimulus is pre-

sented (i.e. on each trial) or whether integration occurs

early in the experiment and leads to a ‘‘baseline’’ inhibition

or enhancement of priming throughout the experiment.

The influence of attention in our model can explain why

priming for highly unnatural non-biological stimuli occurs

in some studies but is absent in others. As mentioned

earlier, priming in these cases appears to be related to the

context in which the stimuli are presented—priming for

non-biological stimuli is usually absent in the mixed trial

context, but present when using separate blocks. When

presented in isolated blocks, we suggest that priming relies

on the visuomotor route with no top-down influence. The

strength of priming is dependent on bottom-up aspects such

as stimulus saliency and experience. This can explain

interference during observation of a ball for both biological

and non-biological kinematics (Bouquet et al., 2007;

Jansson et al., 2007; Kilner, Friston, et al., 2007; Kilner,

Hamilton, et al., 2007)2. However, in the mixed trial pre-

sentation mode, we suggest that attention is drawn to the

differences between the stimuli, so that priming for the

non-biological stimulus is inhibited via the DLPFC-IFG

route. Our previous results regarding attention would fit

with the idea that differentiating the two stimuli is an active

process (Gowen et al., 2010); when attention is more dif-

fuse, less importance is placed on differentiating the

stimulus form and priming occurs unmodulated along the

visuomotor route. Similarly, priming for biologically

implausible movements is only apparent until the partici-

pant’s attention is drawn to the impossible nature of

movements (Longo et al., 2008). Therefore, attention is

likely to play an important role in the regulation of prim-

ing, shaping the degree to which kinematics, appearance

and goals interact along the visuomotor route.

Summary and conclusions

Our review examining visuomotor priming for biological

and non-biological stimuli indicates that priming can occur

for both stimulus types. We have proposed a model where

all types of stimuli are processed along a visuomotor route

where priming is dependent on factors relating to stimulus

saliency, experience and SRC. Priming to non-biological is

dependent on attention: if attention is drawn to the non-

biological characteristics of the stimulus, priming may be

inhibited via the DLPFC and IFG. Priming to biological

stimuli (and some ambiguous forms) depends on the inte-

gration of stimulus properties such as appearance, kine-

matics, goals or prior knowledge within the paracingulate

cortex, which modulates the degree of priming according to

how similar the observed stimulus is to oneself. Therefore,

the degree of priming for biological compared to non-

biological stimuli is determined by an inter-dependent

communication between bottom-up and top-down factors.

Returning to our original question, it appears that bio-

logical stimuli are ‘‘special’’ in that providing cognitive

resources and attention are available, our brains may be

tuned to compare the kinematics, appearance, goals and

context of stimuli in order to assess whether they are

similar to ourselves and whether they conform to our

predictions. Our model fits with the idea that social cog-

nition should be viewed as an interplay between higher

cognitive processes and lower level perceptual and motor

responses (Spengler et al., 2010; Teufel et al., 2010) and

the notion that action understanding requires both the

mirror neuron system and higher Theory of Mind areas

(Brass, Schmitt, Spengler, & Gergely, 2007; Csibra, 2007;

Kilner and Frith, 2008; Uddin, Iacoboni, Lange, & Keenan,

2007). The distinction between similar/dissimilar other in

the paracingulate cortex could bridge the gap between

motor and social processes. Our model shares similarities

with a recent model proposed by Heyes (2011) where long-

term SRC associations (similar to our visuomotor route)

are modulated by input (attention related) and output

(social cognitive) factors. However, we have attempted to

provide a more detailed description of how kinematics may

be integrated with top-down factors and have specifically

focussed the comparison between biological and non-bio-

logical stimuli. In addition, input factors in our model

would include stimulus saliency, SRC and kinematics,

whereas attention could modulate priming at both the input

and output stage.

A number of aspects within the model remain unclear at

present. One of these is which types of stimuli are analysed

by the STS and paracingulate cortex. At the extremes, one

can assume that human stimuli are analysed by the STS,

whereas entirely artificial stimuli are processed by different

visual areas. However, the situation is less clear for

ambiguous stimuli. This becomes more complicated when

you add a prior belief condition. Similarly, it remains

unclear how these different stimuli are processed along the

visuomotor route. As mentioned earlier, while overlap is

emphasised by recent evidence that mirror system areas are

active during observation of actions by non-biological

stimuli (Cross, Hamilton, Kraemer, Kelley, & Grafton,

2009; Engel, Burke, Fiehler, Bien, & Rosler, 2008;

Gazzola et al., 2007; Oberman, McCleery, Ramachandran,

& Pineda, 2007), the extent of this overlap may be

2 Here we have suggested that the movement of a single dot with or

without biological kinematics are processed similarly but this requires

further clarification.
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dependent on how closely these stimuli relate to the

observer’s actions. For example, the non-biological action

may have been physically experienced (Cross et al., 2009)

or associated with familiar object goals (Gazzola et al.,

2007). In such a case, one would expect that non-biological

stimuli presented without any biological context should

activate different areas within the visuomotor route.

Finally, our model could have implications for uncon-

scious social mimicry and the ‘uncanny valley’. Recent

evidence suggests that the degree to which we engage in

social mimicry is modulated by factors such as how

focussed our attention is on those around us and how

affiliated we feel to people (Stel et al., 2010; Van Baaren

et al., 2009). The integration of kinematic, appearance and

context related signals within the modulating route may

modulate the degree of social mimicry and our feelings of

affiliation or ‘eeriness’, thus determining both the degree of

priming and our emotional response to a stimulus, with the

paracingulate cortex being be a key area.
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