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ABSTRACT

A well-known phenomenon for the study of movement planning is the end-state comfort
(ESC) effect: When they reach and grasp tools, individuals tend to adopt uncomfortable initial
hand postures if that allows a subsequent comfortable final posture. In the context of tool use,
this effect is modulated by tool orientation, task goal, and cooperation. However, the cognitive
bases of the ESC effect remain unclear. The goal of this study was to determine the contribution
of semantic tool knowledge and technical reasoning to movement planning, by testing whether
the ESC effect typically observed with familiar tools would also be observed with novel tools.
Twenty-six participants were asked to reach and grasp familiar and novel tools under varying
conditions (i.e., tool’s handle downward vs. upward; tool transport vs. use; solo vs. coopera-
tion). In our findings, the effects of tool orientation, task goal and cooperation were replicated
with novel tools. It follows that semantic tool knowledge is not critical for the ESC effect to
occur. In fact, we found an “habitual” effect: Participant adopted uncomfortable grips with fa-
miliar tools even when it was not necessary (i.e., to transport them), probably because of the
interference of habitual movement programming with actual movement programming. A cog-
nitive view of movement planning is proposed, according to which goal comprehension (1)
may rely on semantic tool knowledge, technical reasoning, and/or social skills, (2) defines end-
state configuration, which in turn (3) calibrates beginning-state comfort and hence the occur-

rence of the ESC effect.
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1. INTRODUCTION

Humans and animals perform thousands of goal-directed actions each day. These actions
range from simple motor acts (e.g., grasping a coffee cup) to complex tool use actions and
problem solving tasks (e.g., cooking, handiwork). They may also be very familiar (e.g., using
a pen to write) or novel (e.g., using a pen as a blowpipe), and be performed alone or together
with peers (e.g., imagine a surgeon and their assistant). Despite the virtually infinite number of
possible task goals and motor activation patterns at a given moment, healthy individuals gener-
ally demonstrate accurate movements (Wolpert & Ghahramani, 2000). This raises a critical
issue in the field of motor cognition, namely, how higher-order cognitive processes may con-
tribute to movement planning to allow efficient and straightforward reach-to-grasp movements
(e.g., Cisek, 2007; Cisek & Kalaska, 2010; Rosenbaum et al., 2012). Movement planning de-
pends on biomechanical constraints (e.g., possible or impossible joint angles, muscle synergies,
movement speed and precision) and contextual cues, like tool orientation in the reaching space
(Rosenbaum et al., 2012; Rosenbaum & Jorgensen, 1992), task goal (i.e., tool transport versus
tool use; Grafton & de C. Hamilton, 2007; Osiurak et al., 2008; Randerath, 2011; Randerath et
al., 2009), and cooperation (e.g., Gonzalez, 2011). However, reaching and grasping studies fo-
cusing on tool use have investigated these parameters only in the context of familiar tool use,
which prevents drawing firm conclusions regarding the contribution of semantic tool
knowledge to movement planning. While neuropsychological, tool use studies have put more
and more focus on the human ability to use novel tools (Baumard et al., 2016; Goldenberg &
Hagmann, 1998; Hartmann et al., 2005; Hodges, 2000; Jarry et al., 2013), little is known as to
how tool novelty impacts reaching and grasping movements. The aim of this study was to fill
this gap by testing how using either familiar or novel tools may impact grasp selection (i.e., the

presence/absence of the end-state comfort effect, see below).
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1.1. THE END-STATE COMFORT EFFECT

Movement planning can be studied through the end-state comfort (ESC) effect. Rosen-
baum and colleagues (1992, 2012) have demonstrated that when participants are asked to grasp
an object using pronation/supination movements, they tend to avoid extreme joint angles, prob-
ably because those are costly for the motor system (see also Modersitzki & Studenka, 2020).
Authors report that individuals tend to adopt uncomfortable initial hand postures (e.g., grasping
the handle of a coffee cup with a supination movement, the thumb at 6 o’clock), if that allows
a subsequent comfortable final posture (e.g., dropping the cup with the thumb at 12 o’clock;
Rosenbaum et al., 1990). This finding has been largely replicated with slightly different para-
digms (Cohen & Rosenbaum, 2004; Rosenbaum et al., 1996; Short & Cauraugh, 1999; Weigelt
et al., 2006), suggesting that the selection of initial posture during reach-to-grasp movements
relies on a cost-benefit analysis that takes into account biomechanical constraints as well as

spatial and temporal parameters of the forthcoming action.

In the ESC effect paradigm, the initial grip depends on three parameters of interest for the
present study: Tool orientation, task goal, and cooperation. Task goal is critical for the ESC
effect to occur. Indeed, dissociations have been documented between tool transport (i.e., a clas-
sical pick-and-place task in which participants are asked to move a tool from one location to
another), and tool use (i.e., demonstrating the conventional use of the tool): Individuals demon-
strate uncomfortable initial postures more often in the use condition than in the transport con-
dition when the handle of the tool is oriented upward, which corresponds to the classical ESC
effect (Osiurak et al., 2008; Randerath et al., 2009). In other words, the intention of the actor
(i.e., task goal) is used by internal models to constrain initial grip selection. Furthermore, tool
orientation and task goal interact. When the handle of the tool is oriented away from a partici-
pant, she/he has to adopt an uncomfortable initial grip to make the subsequent tool use action

more comfortable, however, this effect vanishes when the tool has to be merely transported or
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when the handle of the tool is oriented toward the participant (e.g., Randerath et al., 2009). So,
when individuals are asked to grasp and use tools, presenting tools with the handle oriented
upward or away from the participant increases the number of initial, uncomfortable grips. Fi-
nally, a growing body of literature has suggested that social interaction modulates movement
planning. Cooperation paradigms have been found to modulate the ESC effect (Dignath & Eder,
2013; Herbort et al., 2012). In a cooperative context, individuals maximize the confederates’
biomechanical comfort by passing them the tools in a manner that minimizes subsequent tool
manipulation (see “joint ESC effect”; Dotsch & Schubd, 2015; Gonzalez, 2011; Hommel &
Colzato, 2009; Meyer et al., 2013; Ray & Welsh, 2011). These studies have demonstrated that
individuals can integrate the goal of others in cost-benefit computations underlying movement

planning.

1.2. FAMILIAR VERSUS NOVEL TOOL USE

The use of familiar tools in activities of daily living relies on semantic tool knowledge,
the role of which is to inform individuals on the canonical function of tools (e.g., knowing that
the function of a blender is to mix food; Roy & Square, 1985; Stamenova et al., 2012). Neuro-
psychological studies have indeed shown that patients with severe semantic loss demonstrate
abnormal use of familiar tools (Baumard et al., 2016; Bozeat et al., 2002; Hodges, 2000; Hodges

etal., 1999).

However, a considerable body of neuropsychological evidence has demonstrated that se-
mantic tool knowledge is neither necessary nor sufficient to use tools. For instance, patients
who demonstrate impairments in the use of familiar tools may also have difficulties in novel
tool use tasks (Baumard et al., 2014; Goldenberg & Hagmann, 1998; Jarry et al., 2013). In the
latter, patients are generally asked to use novel tools (i.e., tools for which participants do not
have previous knowledge of a canonical function) to solve a mechanical puzzle (e.g., extracting

a target from a transparent box, or selecting a tool to lift a cylinder; (Baumard et al., 2016;
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Bozeat et al., 2002; Buchmann & Randerath, 2017; Goldenberg & Hagmann, 1998; Hodges,
2000; Jarry et al., 2013; Ochipa et al., 1992). Patients with severe semantic loss may demon-
strate normal novel tool use skills in these tests. This led to the conclusion that familiar tool use
depends not only on semantic tool knowledge, but also on the ability to infer the function of
tools and objects based on their mechanical properties and complementarity (e.g., understand-
ing that a wooden stick is heavy and dense enough to write in the sand, but not to break a rock).
This ability has been referred to as causal reasoning (Vaesen, 2012), structural inference (Gold-
enberg & Hagmann, 1998), or technical reasoning skills (Osiurak, 2014; Osiurak et al., 2010,
2011). For the sake of clarity, in the rest of the paper we shall refer only to the concept of

“technical reasoning”.

Semantic tool knowledge and technical reasoning depend critically on the temporal and
left parietal lobes, respectively (Buxbaum, 2017; Goldenberg & Spatt, 2009; Lesourd et al.,
2021; Reynaud et al., 2016). They can be viewed as two complementary mechanisms underly-
ing task goal comprehension during the completion of tool use tasks. Semantic tool knowledge
has been proposed to underlie movement planning (Cisek, 2007; Cisek & Kalaska, 2010). As a
matter of fact, the ESC effect has been consistently demonstrated with familiar tools. Never-
theless, there has been contradictory evidence as to the role of semantic tool knowledge in the
occurrence of the ESC effect. Creem and Proffitt (2001) have found that a semantic interference
task, but not a visual-spatial task, interfered with the ESC effect, suggesting that movement
planning relies partly on semantic memory. The ESC effect has however been demonstrated
with unfamiliar devices (e.g., transporting or rotating a dowel; Rosenbaum et al., 1992). Re-
cently, Benson and colleagues (2018) observed the same ESC effect with a dowel and with a
familiar tool. In fact, there has not been direct evidence that the ESC effect depends on semantic

tool knowledge because there has not been direct comparison of this effect with familiar and
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novel tool use tasks. As a result, the potential contribution of technical reasoning to movement

planning remains an open issue.

1.3. RATIONALE OF THE PRESENT EXPERIMENT

The ESC effect has been demonstrated with handling objects that are not obviously tools
(e.g., bars, dials), meaning that semantic knowledge is not necessary for the ESC effect to occur.
When it comes to tools, however, some cognitive mechanisms may contribute to the ESC effect,
as the presentation of tools may activate semantic tool knowledge, and their use may call for
technical reasoning. While effects of tool orientation, task goal, and cooperation have been
demonstrated with familiar tools, it is not known whether these effects are dependent or inde-
pendent of semantic tool knowledge. The contribution of technical reasoning to movement
planning is also an open issue. The goal of this study was therefore to determine the contribution
of semantic tool knowledge and technical reasoning to what may be called the “tool-related
ESC effect”, by testing whether the ESC effect typically observed with familiar tools would
also be observed with novel tools. If the ESC effect depends on semantic tool knowledge, then
it should be observed with familiar tools, but not with novel tools. On the contrary, documenting
the ESC effect with novel tools would suggest that technical reasoning contributes to movement

planning.

Three main effects were expected. First, when asked to use the tools, participants were
expected to select more uncomfortable initial grips when tools were presented with the handle
pointing upward, than when they were presented with the handle pointing downward. Second,
a task effect was expected, i.e., more uncomfortable initial grips in a use condition than in a
transport condition. Third, an effect of cooperation (i.e., joint ESC effect) would be demon-
strated by a reversal of the classical ESC effect during joint action, i.e., more uncomfortable

initial grips in a USE condition when the handle of the tool is oriented downward, and less
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when the handle is oriented upward — because this maximizes the peer’s biomechanical com-

fort.

2. MATERIALS AND METHODS

2.1. PARTICIPANTS

Thirty right handed participants, naive to the objective of the experiment, volunteered to
participate in the study (examples of comparable sample sizes can be found in Logan &
Fischman, 2015; Lohr-Limpens et al., 2022; Modersitzki & Studenka, 2020; Scharoun et al.,
2018). Participants were recruited among students or their relatives. They were not rewarded
for their participation. They had normal or corrected-to-normal visual acuity. Handedness was
self-reported by the participants. Three participants were excluded because the selection
interview revealed they had history of neurological disease (e.g., multiple sclerosis, traumatic
brain injury), and the data of one participant were lost because of video recording failure. The
final sample was composed of 26 participants [20 females, M = 28.8 (SD = 11.5) years old, M

=13.6 (SD = 1.9) years of education). All participants gave informed written consent.

2.2.  APPARATUS AND MATERIAL

Participants were presented with 8 familiar tools (i.e., nutcracker, bottle-opener, stapler,
knife, hammer, wrench, screwdriver, vegetable peeler) and 8 corresponding, familiar objects
(i.e., nut, bottle, two sheets of paper, a carrot, a nail partially driven into a wooden board, a nut
partially screwed onto an axis, a screw partially driven into a woodenboard, and a potato). The
tools and objects were very common and it was assumed that all participants already knew their
names and functions. The tools were presented one at a time on a wooden, vertical panel (75
cm high) positioned 30 cm away from the participant, on her/his right side (Figure 1).

Participants reached and grasped the tools with their right hand.
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Participants were also presented with 6 novel tools composed of a handle (i.e., a section
of a wooden broom handle) and two “active” parts (one at each end of the handle; see Figure
1). There were fewer novel than familiar tools due to the cost and complexity of designing new
tools and problems. With these novel tools, participants were asked to solve original mechanical
problems inspired by the ones already described in the apraxia literature(Baumard et al., 2016;
Goldenberg & Hagmann, 1998; Jarry et al., 2013; Ochipa et al., 1992). One tool-problem pair
served as an example item to ensure comprehension of task goal. Participants were instructed
to use the novel tool to remove a ball from its base (Example problem, problem 1), to rotate a
cylinder (problem 2), or to extract a cube, cylinder, or ball out of the box (problems 3, 4, 5,
respectively; see Figure 1). The examiner explicitly stated the goal of the task to make this test
comparable to familiar tool use (e.g., “extract the bead out of the box™). Only one of the two
active parts of the novel tools allowed to solve each problem, so that participants had to infer
which part of the tool was relevant for the task. Indeed, novel tools with only one active part
would have been very similar to familiar tools and could have elicited specific grasps just
because most tools with a handle and one active part are generally grasped in the same way
(e.g., a hammer and a knife are grasped with the thumb pointing toward the active part). So,
this design ensured that movement planning would be based on the analysis of tool-problem

complementarity (i.e., technical reasoning).

2.3. DESIGN AND PROCEDURE

There were two main conditions: “Familiar tools”, and “Novel tools”. Each of these
conditions was subdivided into three factors: “Tool orientation” (i.e., handle pointing either
upward or downward), and “Task” (i.e., Transporting the tool from one location to another vs.
Using the tool with the corresponding object), and “Interaction” (i.e., performing the action solo
vs. together with the examiner) conditions. The conditions formed a 13 Tool (8 familiar, 5

novel) x 2 Orientation (upward, downward) x 2 Task (transport, use) x 2 Interaction (solo,

10
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coop) x 2 Trials (i.e., each condition was repeated twice in a row) design. As regards to tool
orientation, the tools were presented on the vertical panel with the handle pointing upward in
half of the items, and downward in the other half. The examiner then instructed the participants
to either transport them to drop it on a target zone (i.e., a green sheet of paper of 210 x 297 mm
or 8.3 x 11.7 inches; Transport-Solo conditions), use them with a target object/problem (Use-
Solo conditions), or give them to her so that she could put them on the target zone (Transport-
Coop condition) or use them with the object or problem “as quickly and efficiently as possible”
(Use-Coop condition; see Gonzalez, 2011 for similar instructions). In the coop conditions, the
examiner sat in front of the participant with the target on her right side (i.e., either a sheet of
paper for the transport condition, or the familiar object or problem for the use condition), and
participants gave her the tools for her to perform the action. The same design was applied for
both familiar and novel tools, with one exception: There was no “Transport-Coop” condition

with novel tools because there was no prediction relating to this condition.

As a result, the sequence of conditions was as follows: Familiar tool transport (solo),
Novel tool transport (solo), Familiar tool use (solo), Novel tool use (solo), Familiar tool use
(coop), Novel tool use (coop). Familiar tools were presented before novel tools to ensure that
participants would understand the basics of the task before continuing with more complex
problem-solving tasks. Transport conditions were presented before use conditions to avoid
proactive interference: Since tool use is known to yield more uncomfortable initial grips than
tool transport, testing “use” before “transport” might have resulted in an unexpectedly high
number of uncomfortable initial postures in the “transport” condition (because participants
might have kept using the same planning strategy as in the “use” condition). The order of
conditions was fixed, given the high number of conditions. Within each condition, the tools
were presented four times in a blocked fashion based on tool orientation. As a result, there were

32 items in the familiar tools conditions (i.e., 8 familiar tools x 2 orientations x 2 trials) divided

11
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into four blocks (Block 1, handle oriented downward; Block 2, handle oriented upward; Block
3 and 4 were repetitions of blocks 1 and 2). Likewise, the novel tools were presented with the
useless active part (i.e., the part of the tool that was not relevant to solve the problem) oriented
either downward or upward and there were 20 items in the novel tools conditions (i.e., 5 novel
tools x 2 orientations X 2 trials). Within each block, the tools were presented in a pseudorandom

sequence.

2.4. DATA ANALYSIS

Initial grips were later coded based on the video recordings. Grips were judged
“uncomfortable” when the participant grasped the tool with the thumb pointing at 6 o’clock.
They were considered “comfortable” in the absence of supination movement, when the thumb
pointed at 12 o’clock (Figure 1). The final score was the number of uncomfortable initial grips
for each condition, converted into percentage to allow comparison between conditions. Four
naive judges as well as the examiner coded 52 trials from three video sequences of 8 to 12
minutes, corresponding to three randomly selected conditions: Novel tool transport (Solo),
Familiar tool use (Solo), and Familiar tool use (Coop). The four naive judges agreed with the
examiner on 92% of trials, and 3 judges (the majority) agreed with the examiner on the
remaining 8% trials — there were no 50/50 situations. The percentage of agreement (i.e., the
number of judgeX/judgeY agreements, out of the total number of judge/judge comparisons)
was 99.2%. The judges did not meet to discuss imperfect agreement. The average examiner-

judge correlation value was high (Spearman rank order correlations, r = 0.94, all ps <.01).

2.5.  STATISTICAL ANALYSIS

Non-parametric statistical analyses were preferred based on the sample size and because
the data were not normally distributed (Shapiro tests). Interaction effects were tested with
Aligned Ranks Transformation ANOVA. Wilcoxon tests were used for between-task

comparisons. Effect size was calculated with Cliff’s delta. P values were adjusted with Holm’s

12
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266  correction to control for the risk of type I error due to multiple comparisons. A “tendency toward

267 significance” was accepted if p-value was no longer significant after applying the correction.

268

269
270  Figure 1. Materials and setup. Upper panel (A): Novel tools and problems used in the experiment. The first tool-

271  problem pair to the left is an example item, which goal was to lift the ball. In experimental problems, the goal was
272 to lift the ball (problem 1), to turn the cylinder (problem 2), to pull the green target (problems 3, 4), and to push
273  the green ball (problem 5). Only one end of each novel tool was useful to solve the problem. Middle panel (B):
274  Familiar tools used in the experiment (stapler, wrench, hammer, vegetable peeler, screwdriver, knife, nutcracker,
275  bottle-opener). Lower panel (C): Tools were displayed on a vertical panel, within the hatched area. Examples of
276  comfortable (i.e., thumb at 12 o’clock) and uncomfortable grips (i.e., thumb at 6 o’clock), and tool orientation
277  (handle downward, handle upward).

278 3. RESULTS

13
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3.1. EFFECT OF TOOL ORIENTATION

The effect of tool orientation (i.e., handle oriented either downward or upward) in the
USE condition reflects the influence of biomechanical constraints on grip selection, in that in-
dividuals prefer to grasp tools with an uncomfortable initial grip to ensure a comfortable hand
posture during tool use. There was a main effect of tool orientation in the USE condition with
both familiar and novel tools (Figure 2). Block-by-block analysis of novel tool use (Figure 3)
confirmed significant differences between block 1 and block 2 (W =22.5, p <.001, A =-0.73,
large), between block 2 and block 3 (W = 296.5, p=.002, A = 0.61, large), and between block

3 and block 4 (W =34.5, p=.001, A =-0.69, large).

3.2. EFFECT OF TASK GOAL

The effect of task goal reflects how the end goal of the action (i.e., tool use vs. transport)
constrains the motor system. The descriptive data are displayed in Figure 2. We conducted an
Aligned Ranks Transformation ANOVA with factors “Task goal” (transport, use) and “Tool
familiarity” (familiar, novel), while fixing other factors (handle upward, solo condition). It re-
turned a main effect of task goal (F(1) = 22.1, p < .001), but no main effect of tool familiarity
(F(1) =2.6, p=.10) and no interaction effect (F(1) = 3.1, p =.08). When the handle was oriented
upward, there was a main effect of task with familiar tools (W = 14.0, p < .001, A = -0.39,
medium) as well as with novel tools (W = 38.0, p =.002, A =-0.53, large). We conducted the
same ANOVA with the other tool orientation (handle downward). It returned a main effect of
task goal (F(1) = 4.5, p = .035), a main effect of tool familiarity (F(1) = 5.9, p = .016), but no
interaction effect (F(1) = 2.6, p = .11). When the handle was oriented downward, there was a
main effect of task with familiar tools (W = 158.0, p = .001, A = 0.39, medium) but not with
novel tools (W = 150.0, p = .09, A = 0.09, negligible). To sum up, participants adopted uncom-

fortable initial postures more frequently when they were instructed to use the tools, than when

14
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they were instructed to transport them. This effect was significant mainly when the handle of

the tool was oriented upward.

These findings were confirmed by the block-by-block analysis (Figure 3), as the effect of
tool orientation was significant for tool use (see statistics in section 3.1), but not for tool
transport. The effect of task goal was consistent across different familiar and novel tools (Sup-
plementary Table 3). The ESC effect (i.e., more initial uncomfortable postures in the USE than
in the TRANSPORT condition when the handle is oriented upward) was relatively consistent
across participants, whether with familiar or novel tools (Supplementary Figure 1). A minority
of participants (2 or 3) showed a pattern of performance almost orthogonal to the one of the

group, perhaps due to individual strategies or biomechanical specificities.

3.3. EFFECT OF COOPERATION

The effect of cooperation on grip selection can be demonstrated by a reversal of the ESC
effect in the cooperation condition, compared to the solo condition. Namely, participants tend
to grasp familiar tools upside down to pass them in a manner that allows confederates to have
beginning state comfort, specifically when using (but not transporting) tools. The results con-
firmed this prediction with both familiar and novel tools (Figure 4). In the familiar tool use
condition, there was a significant Solo/Coop action difference for both tool orientations (handle
downward: W = 0.0, p <.001, A =-0.69, large; handle upward: W = 329.0, p <.001, A =0.71,
large). The same was found regarding novel tool use (handle downward: W = 56.0, p = .088,
tendency, A = -0.30, small; handle upward: W = 273.0, p = .001, A = 0.71, large). So, cooper-

ation induced a shift in grip selection with both familiar and novel tools.

3.4. FAMILIAR VERSUS NOVEL TOOLS

All of the participants completed the novel problems perfectly. In addition with the results
of the ANOVA (see section 3.2), we studied the effect of tool familiarity by comparing the

same conditions with familiar and novel tools. In the solo condition first, there was an effect of
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familiarity on movement planning in the tool transport condition, when the handle was oriented
upward (W =225.0, p=.007, A =0.52, large), but not when the handle was oriented downward.
In other words, participants demonstrated initial uncomfortable postures with familiar tools
even when it did not serve any functional purpose (Figure 2). There was also an effect of famil-
iarity in the tool use condition, when the handle was oriented upward (W = 25.0, p =.004), with
low effect size (A =-0.32, small), but not when the handle was oriented downward. Finally, in
the coop condition (Figure 4), there was an effect of tool familiarity for both orientations (both

ps < .05), although with small to medium effect sizes.

Since tool orientation was fixed within each block, the useful end of the novel tools al-
ways pointed in the same direction (upward, downward) within a given block. If participants
noticed it, they could use the same strategy across trials (e.g., if the useful end of the tool was
oriented downward in trial 1, then some participants could expect the same orientation in trials
2-5 of the same block). If this is correct, then participants should improve across trials within a
given block. So, we compared the mean number of uncomfortable initial grips on trials 1-2 and
trials 4-5 of the same block, for each of the 4 blocks in the novel tool use condition. The mean
difference was -1 uncomfortable initial grips (sd 2.7 uncomfortable initial grips), suggesting

there was only a limited learning effect (see Supplementary Tables 1 and 2).
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Figure 2. Effects of tool orientation and task goal on grip selection (solo conditions only). Bars indicate mean

values, vertical lines indicate 95% confidence intervals. Between-task differences were significant with ** p < .01,

***p <.001. Effect size was *» medium to *e* large.
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Figure 3. Block-by-block analysis of tool orientation and task effects (Solo conditions only). Values

correspond to mean values. Statistics can be found in the text.
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Figure 4. Effect of cooperation on the ESC effect (tool use only). Bars indicate mean values, vertical lines

indicate 95% confidence intervals. Solo/Coop statistical comparisons are given in the text.

4. DISCUSSION

The goal of this study was to test whether classical ESC effects typically observed with
familiar tools, would be observed in the context of novel tool use, in order to test the
contribution of semantic tool knowledge and technical reasoning to movement planning. The
rationale was that, if semantic tool knowledge plays a critical role in planning, then ESC effects
should vanish with novel tools. Conversely, the observation of ESC effects with novel tools
would demonstrate a potential role of technical reasoning in motor preparation. Our findings
supported the second hypothesis in that similar effects were found in both familiar and novel
tool use. It follows that tool familiarity, and hence semantic tool knowledge, is not critical for
the ESC effect to occur. Importantly, the novel tools were two-ended and only one of the two
active parts was useful to solve the problems, so that participants had to analyze which end of
the tool was useful for the subsequent use action. Grip selection, therefore, had to be based on
the analysis of tool/object complementarity, presumably thanks to technical reasoning. In the
following sections we discuss how semantic tool knowledge, technical reasoning, but also

social skills, may contribute to movement planning.

4.1. THE RELATIVE CONTRIBUTION OF SEMANTIC TOOL KNOWLEDGE AND
TECHNICAL REASONING TO MOVEMENT PLANNING

Considering the very similar results with familiar and novel tools, semantic tool
knowledge did not seem to provide a clear-cut processing advantage. Actually, participants
demonstrated an “habitual” pattern with familiar tools, namely, they adopted uncomfortable
grips even when it was not necessary (i.e., in the Transport condition). This pattern has already

been documented and proposed to reflect the influence of semantics on grip selection (Creem
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& Proffitt, 2001; Randerath et al., 2009). It may also reflect the interference of habitual grasping
strategies consisting of grasping tools the way they are usually grasped, with efficient, planned
grasping strategies (Herbort & Butz, 2011; Jovanovic et al., 2022). It may also be interpreted
as an effect of functional fixedness (Adamson, 1952; Duncker, 1945), i.e., the detrimental effect
of prior learning, including tool knowledge, in novel settings (Munoz-Rubke et al., 2018). In
the present study, participants probably adopted uncomfortable initial grips when transporting
tools because the latter automatically elicited functional grips, namely, grips that are consistent
with the canonical function of the tool (Buxbaum & Kalénine, 2010). Considering that the effect
of habits was observed with familiar but not novel tools, semantic tool knowledge probably
biases grip selection when reaching and grasping familiar tools. However, adopting initial
uncomfortable postures is not necessary to transport tools, because the end posture is not critical
for task fulfillment (e.g., one may grasp a hammer upside down to transport it). In other words,
semantic tool knowledge seems to constrain the motor system even when it does not serve any

functional purpose.

This is not to say that technical reasoning is the only cognitive mechanism that underlies
grip selection. The ESC effect has actually been observed in bar transport or rotation paradigms
that probably put little load on technical reasoning, and call for more straightforward predictions
about the future state of the world (i.e., the final position of a dowel, rather than a specific tool-
object interaction; Rosenbaum et al., 1992). It has also been documented in non-human primates
(Chapman et al., 2010), while tool use skills call for different mental processes in humans and
in animals (Vaesen, 2012). It means that the ability to use tools is not critical for the ESC effect.
A critical issue to solve is, therefore, to understand how the ESC effect may occur in the context

of novel tool use.

4.2. A COGNITIVE VIEW OF MOVEMENT PLANNING
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What is critical for the ESC effect to occur is the ability to predict the end of the
movement; and in the context of user-tool interactions, what is critical to predict the end of the
movement is the ability to predict the final action of the tool with the object. For example, if
one wants to reach and grasp a knife to cut a piece of bread in a comfortable way, she/he has to
imagine the forthcoming position of the knife on the bread (Osiurak & Badets, 2017). This has
been demonstrated by task effects (Randerath et al., 2009) and replicated in the present study
with novel tools (i.e., tool transport vs use). The idea that hand postures depend on the
comprehension of tool-object interactions is also at the core of the “categorical apprehension
hypothesis” (Goldenberg, 2009). According to this view, the parietal lobe codes a mechanical
chain that configures both hand-tool and tool-object interactions simultaneously. In another
account of action selection, Cisek (2007; Cisek & Kalaska, 2010) has proposed that the saliency
of stimuli depends on the intention and needs of the actor, and that affordance selection relies
not only on cost/benefit analysis, but also on any variable allowing to make the right choice.
This includes both information about object identity associated with temporal lobe activity, and
emotion and motivation associated with orbitofrontal activity. This view is not that different
from Liepmann’s view on apraxia (Goldenberg, 2003), a neuropsychological impairment of
action, for whom the formulation of movement emerged from the whole cerebral cortex and
not only from primary motor areas. In line with these approaches, it is proposed that movement
planning may be grounded on any mental process, provided that the latter allows individuals to
anticipate the result of their user-tool and tool-object interactions in a near future. In this regard,
semantic tool knowledge and, based on our findings, technical reasoning, may fulfil this role in

humans (Figure 5).

Another key finding of the present work is the effect of cooperation in tool use situations,
not only with familiar but also with novel tools. Although previous works have focused on how

individuals handed the tool to peers (e.g., Gonzalez, 2011; Ray & Welsh, 2011), we focused on
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initial grip selection because our goal was to find out how cooperation would modulate inverse
internal models. We found a relative reversal of performance pattern between the Solo and
Cooperation action conditions, meaning that individuals tended to sacrifice their own
biomechanical comfort to maximize the one of the examiner. A critical issue is therefore to
determine what cognitive processes allowed this adaptation of the internal models underlying
the ESC effect, considering that semantic tool knowledge and technical reasoning cannot
explain this phenomenon. Previous research has suggested that the future actions of others are
implemented within internal predictive models (i.e., participants anticipate the confederate’s
intended tool-related actions; Gonzalez, 2011). It means, logically, that individuals need to be
able to understand the tool-related actions of others. This may rely on the same cognitive
mechanisms as those needed for individual performance, namely, technical reasoning and

semantic tool knowledge (for a similar view, see Osiurak & Reynaud, 2020).

Another hypothesis would rather put the emphasis on the role of social skills. Previous
research has put forward the role of the social meaning that objects carry with them (Schmidt,
2007), but also the role of personality traits (D&tsch et al., 2021; see also Scharoun et al., 2018
on the effect of gender). Similarly, infant studies have suggested that internal models may
depend on both a “teleological stance” (i.e., the ability to make predictions on the physical
world) and a “mentalistic” stance (i.e., the ability to formulate hypotheses regarding the beliefs,
desires, and intentions of peers; Gergely & Csibra, 2003). In this view, the joint ESC effect
observed in the cooperation condition may depend not only on task goal comprehension, but
also on mentalization to infer the expectations of others. Pending future studies to disentangle
the relative contributions of both dimensions to the ESC effect, we make the assumption that
goal comprehension (1) may rely on semantic tool knowledge, technical reasoning, and/or
social skills, (2) defines end-state configuration, which in turn (3) calibrates beginning-state

comfort and hence the occurrence of the ESC effect (Figure 5; see also Logan & Fischman,
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2015, on the role of working memory). It should be noted that the model applies to the ESC
effect in tool use situations specifically, and not to the ESC effect in general — as the latter has
been described in humans and animals with bar rotation and bar transport tasks which involve
only minimal cognitive processes. It is assumed that in the case of tool use situations, the system
has to simulate the forthcoming tool-object interaction (e.g., the action of the hammer on the
nail) to determine the action of the hand on the tool (i.e., the end and initial grasp; but see also

Herbort et al., 2019, on the role of motor/mental simulation).

4.3. LIMITATIONS OF THE STUDY

Since familiar tools were presented before novel ones, we cannot rule out an interference
effect resulting in more frequent ESC effect than if the novel conditions had been presented in
isolation. One may indeed assume that participants showed habitual movement planning in the
novel tool use condition. It is, however, quite unlikely because if participants had adopted a
“repetition” strategy, then they should have shown perseverative movements. Since the
Transport condition preceded the Use condition, and the Self condition preceded the Joint action
condition, we should have found similar results in the Transport and Use conditions on the one
hand, and in the Self and Joint action conditions; yet we did observe different patterns. Between-
block differences also rule out this hypothesis. If participants had merely repeated previous
movements (e.g., thumb at 12 o’clock when the handle points downward, therefore thumb at
12 o’clock when the handle points upward in the next block), then we should not have observed
tool orientation effects. Taken together, these findings suggest that the ESC effects we observed

were due to adaptive action selection, rather than to stereotypical movement repetition.

In addition, future works may better control for sex ratio (20/26 females in the present
study); control for handedness with objective measures; test the effect of personal familiarity
and prior experience with tools, rather than the effect of general, semantic tool knowledge;

compare tool transport and tool use in cooperation paradigms; use a random design rather than
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a block design to control for proactive interference effects and prevent participants from using
grip selection strategies; and analyze the dynamics of initial-to-final configurations with
kinematic analysis of pronation-supination movements as well as time measures. Also, the
typical ESC effect is known to be a very fast motor response that does not rely on leisurely
planning (Rosenbaum et al., 1992), yet we used complex tool use and problem-solving tasks, a
modification of the classical paradigm that is probably not without consequences on motor

programming and movement parameters.

Motor system Context (Task) Cognition

- p N
Goal

M| . Technical Semantic
P Execution .
comprehension

reasoning memory
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Figure 5. Indirect effect of cognition on the end-state comfort effect. Cognitive processes help individuals
comprehend the goal and means of their forthcoming actions, which is a prerequisite for anticipating the end state

of the motor system during tool-related actions, and hence, the initial state of the movement.

5. CONCLUSION

The goal of this study was to test how semantic tool knowledge and technical reasoning
contribute to the ESC effect. We replicated the ESC effect with familiar as well as with novel
tools. Classical effects of task goal and cooperation were documented with novel tools for the
first time. This suggests that semantic tool knowledge is neither necessary nor sufficient for the
ESC effect to occur, as already suggested by studies using bar transport and bar rotation para-
digms. That said, we documented a “habitual effect”, namely, participants adopted unnecessary,
uncomfortable initial grips to transport familiar tools. This effect demonstrates that semantic

tool knowledge does have an influence on grip selection and hence contributes to constrain the
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502 motor system. As a result, a cognitive model of the ESC effect in the context of tool use is
503 proposed, according to which cognitive dimensions, including semantic tool knowledge, tech-
504 nical reasoning, but also social skills, contribute to determining task goal, which in turn strains

505 the motor system and determines grip selection.

506
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