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HUMAN-ROBOT INTERACTION

On the choice of grasp type and location when handing
over an object

F. Cini'*, V. Ortenzi?**, P, Corke?, M. Controzzi'*

The human hand is capable of performing countless grasps and gestures that are the basis for social activities. How-
ever, which grasps contribute the most to the manipulation skills needed during collaborative tasks, and thus which
grasps should be included in a robot companion, is still an open issue. Here, we investigated grasp choice and hand
placement on objects during a handover when subsequent tasks are performed by the receiver and when in-hand and
bimanual manipulation are not allowed. Our findings suggest that, in this scenario, human passers favor precision
grasps during such handovers. Passers also tend to grasp the purposive part of objects and leave “handles” un-
obstructed to the receivers. Intuitively, this choice allows receivers to comfortably perform subsequent tasks with
the objects. In practice, many factors contribute to a choice of grasp, e.g., object and task constraints. However, not
all of these factors have had enough emphasis in the implementation of grasping by robots, particularly the constraints
introduced by a task, which are critical to the success of a handover. Successful robotic grasping is important if robots
are to help humans with tasks. We believe that the results of this work can benefit the wider robotics community, with
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applications ranging from industrial cooperative manipulation to household collaborative manipulation.

INTRODUCTION

Robots are increasingly asked to perform tasks in environments shared
with humans and other robots, and object manipulation is a skill de-
manded in many of these jobs. Humans effortlessly manipulate objects
and their environment, learning this skill at an impressive young age.
Enriching robots with similar abilities would enable them to complete
assignments in multiple situations, such as households, medical care,
industrial settings, and agriculture. In addition, interaction and cooper-
ation are desirable in a plethora of circumstances, allowing robots to
work alongside and support workers while concurrently ameliorating
the safety in such environments.

Unexpectedly, robots are still far from having similar skills and often
fail to accomplish actions as simple as grasping. A correct and stable
grasp (1) is the first step toward a successful manipulation of an object.
Humans grasp an abundance of objects and pay little to no attention to
how they perform this action. However, grasping is hardly a simple task
to execute because it heavily involves both sensory and motor control
systems (2). Five major factors influence a grasp choice (3, 4): object
constraints (e.g., shape, size, and function), task constraints (e.g., force
and mobility), gripper constraints (e.g., the human hand or gripper kin-
ematics and the hand or gripper size relative to the object to be grasped),
habits of the grasper (e.g., experience and social convention), and
chance (e.g, the initial position of the object and environmental con-
straints). For instance, both the reaching movement of the arm and
the grasping movement of the fingers may be influenced by the agent’s
goal and intention to cooperate or to compete with a partner (5-7).

Intuitively, every object can be grasped in a number of ways, and the
final choice of grasp type and position of the fingers on the object is
dictated by a combination of the abovementioned five factors. In gen-
eral, the emphasis is put on a subset of these factors (3, 4, 8-10).
Nonetheless, there seems to be no consensus as to which factor (if
any) plays the most important role behind a grasp choice because
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factors have different weight and influence in every situation. Grasping
is not an action per se but rather a purposive action (11): Humans tend
to grasp objects to use them. Hence, task and object constraints seem to
be fundamental when reasoning about grasping and must be taken into
due consideration when devising a grasping strategy for robots. In other
words, grasp choices are strongly situation dependent (8), and this de-
fining characteristic justifies studies on specific situations to provide and
gather all of the information needed for a successful implementation on
a robot.

On this point, robotic grasping has yet to reproduce the innate skills
that humans show. Some of the reasons behind this lack of success can
be traced to difficulties in handling uncertainties in physical models,
perception, and control. The problem of purposive robotic grasping, al-
though studied (12-17), has received considerably less attention than
robotic object picking. The proliferation of analytic (1), data-driven
(18), and learning-based (19-21) methods has brought general advance-
ment in robotic grasping and object picking; however, tasks generally
involve soft constraints, as is the case of bin sorting and pick-and-place
tasks. For instance, pick-and-place tasks require robots to grasp and de-
posit objects onto surfaces or into bins, regardless of the objects’ final
position and orientation. In contrast, the use of a tool for a certain task
requires robots to grip the tool stably and, simultaneously, to pick up the
tool so that it can be used correctly (hard constraints on the grasp).

For all these reasons, manipulative skills are growingly essential in
human-robot interaction. Cooperation and collaboration are complex
compositions of activities that result in a natural flow of actions. Object
handover is an example of joint action that involves one agent, the pass-
er, transferring an object to a partner, the receiver. The implementation
of an effective and natural-feeling human-robot handover is an un-
conquered challenge. Despite seeming a simple action, human-human
handover is an effort of deduction and adjustment from both partners.
Although the passer and receiver share the responsibility for the stability
of the object, their goals differ during the interaction (22). The passer
must properly present and safely release the object to the partner,
whereas the receiver’s goal is to acquire a stable grasp of the object to
subsequently perform tasks with it. Because the actions need be properly
coordinated in time and space, the passer and receiver exploit a wide
range of subtle signals to predict the partner’s actions and rapidly
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choose the correct response. For instance, gaze and body and arm
positions can be used to communicate the intent to begin the handover
and predict where the handover will take place (23-26). In recent years,
research on human-robot handover has focused on improving the pre-
dictability of the robot action and the fluency of the human-robot in-
teraction by taking inspiration from human behavior. In particular,
robotic systems were developed that were able not only to control the
grip force exerted on the object (27-29) but also to provide nonverbal
cues similar to humans during the interaction (25, 26, 30, 31). It was
also shown that humans seldom understood the robot’s actions and
that the interaction was perceived as unsafe or not natural when a robot
did not deliver the appropriate cues (32-34). Findings of work inves-
tigating how a robot arm should be positioned to perform a handover
(26, 35) also showed that the object should be presented to the human
agent in its default orientation and generally positioned to allow an easy
grasp by the receiver. However, these studies considered neither the pas-
ser’s and receiver’s grasp type nor the subsequent action that the recei-
vers had to perform with the object.

Therefore, how the selection of a grasp type and the position of the
hands on the object change during the handover with respect to a non-
interactive manipulation task is still a research question that needs to be
answered. The present work sought to address this open issue with a
view to providing useful information to design a control strategy imple-
mentable on a robotic platform for seamless and natural handover,
improving the effectiveness of human-robot interaction and of robotic
grasping in general. Hence, in this investigation, we analyzed (i) the
difference between grasp types chosen for a non-interactive action
and grasp types chosen for handovers and (ii) whether a passer accounts
for the receiver’s task to decide how and where to grasp the objects. Con-
sidering that both hands are not always available to a human operator
during some tasks and considering the challenges yet to overcome in
robotic grasping and manipulation, in-hand and bimanual manipula-
tion were not taken into consideration in the present work.

To this end, we conducted an experiment where 17 pairs of partici-
pants were asked to grasp and pass 17 objects to each other. The object
list included a closed pen (CPen), an open pen (OPen), a key (Key), a
screwdriver (Screwdriver), an adversarial three-dimensionally (3D)
printed object (WShape), a plastic apple (Apple), a ball (Ball), a light
disk (LDisk), a heavy disk (HDisk), a filled glass (FGlass), an empty glass
(EGlass), a filled bottle (FBottle), an empty bottle (EBottle), a box of
cheese crackers (Box), a thin book (Book), a metallic rod (Bar), and a
toy monkey (Teddy). The experiment was composed of two sessions. In
the non-interactive session (NIS), one participant (passer) was asked to
grasp the objects from a table and perform two different tasks with each
of the objects. In the handover session (HS), the passer was asked to
hand the objects over to a partner (receiver) who subsequently per-
formed the same two tasks the passer had performed in NIS. The first
task was identical for all of the objects and consisted of putting the object
onto a box. The second task was object specific. We tracked the objects
and the hands of the participants using a vision system and manually
labeled the grasp types of both agents through a frame-by-frame anal-
ysis of the video recordings. To avoid ambiguity in the classification, we
adopted the following discriminative rule. A grasp was classified as a
precision grasp when only distal and intermediate phalanges were used,
whereas the grasp was classified as a power grasp when palm and
proximal phalanges were also involved. This rule prompted us to devel-
op a taxonomy (Fig. 1), which elaborated and modified three existing
taxonomies in literature (3, 8, 10). Last, we statistically analyzed the pas-
ser’s palm position relative to the objects and evaluated the differences
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across the four conditions of the experiment (two sessions times two
tasks).

Our results show that, during the handover, passers preferred
precision grasps, likely to maximize dexterity and to leave enough space
for the receiver to comfortably grasp the object. Furthermore, when in-
hand and bimanual manipulations were not allowed, passers tended to
grasp the objects from the extremities, and in the presence of clear af-
fordances (i.e., object parts that suggest specific actions, such as handles)
(36-38), the position of their hand on the object was also influenced by
the task the receiver must perform. This allows receivers to accept the
object using immediately the most appropriate grasp to accomplish the
subsequent task. This results in a high similarity between the receivers’
grasps and those exploited by participants in NIS.

RESULTS

Grasp type

A total of 5202 grasps were labeled in this work: 1734 in NIS and 3468 in
HS (1734 for the passer and 1734 for the receiver). Overall, precision,
power, and intermediate grasps covered 62.0% (3227 occurrences),
30.4% (1580 occurrences), and 7.6% (395 occurrences) of the registered
grasps, respectively (Fig. 2). Objects such as Ball and Apple required a
very limited set of grasps (mainly precision sphere and power sphere),
whereas LDisk, HDisk, WShape, EBottle, and Screwdriver exhibited
eight different grasps.

When the performance of the passers was analyzed over the tasks as
shown in Fig. 3A, power grasps decreased from 29.8% in NIS to 20.9%
in HS in task 1, whereas the drop was from 42.2% in NIS to 18.9% in HS
in task 2. Intermediate grasps were less evidently affected by the NIS/HS
condition. In particular, passers used more precision 3-fingers and 2-
fingers and intermediate lateral in both tasks in HS than in NIS (Fig.
3A’). When the performance of the passers was analyzed over the
sessions as shown in Fig. 3B, in NIS, task 2 exhibited more power
and intermediate grasps than task 1, with an increase of task-specific
grasps such as intermediate writing and of power prismatic Heavy
Wrap and Palmar Wrap (Fig. 3B"). However, the percentages of
precision grasps were higher in both tasks and sessions, with a frequen-
cy of 50.9 and 73.6%, respectively, for NIS and HS. When comparing
the grasps performed by the passers in NIS and the grasps performed by
the receivers in HS, there was a certain similarity, as shown in Fig. 4.
There was a noticeable equivalence between the compared tendencies,
with a difference in a higher percentage of intermediate grasps in the
receivers in HS.

Last, Fig. 5 shows a comparison between the grasps that passers and
receivers executed during HS. The high values in the diagonal of the
heat map display a high similarity in the grasps. However, the top-right
semi-plane is more populated than the bottom-left semi-plane, showing
the tendency in receivers to use more power grasps than passers.

Object occlusion

For each object and each of the four conditions of the experiment (two
sessions times two tasks), we reported (Fig. 6) the value of Pac of each of
the 17 passers, where Pac is the median value of the approaching
coordinate of the passer’s palm relative to the object (defined as shown
in Fig. 7) across the three repetitions of each task. The distribution of
Pac differed across objects and conditions, showing a strong influence of
both task and object constraints (Fig. 6). Palm positions did not change
notably when the objects had less stringent geometric constraints, as
in the cases of Ball and Apple in light of their spherical symmetry.
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GRASP TYPE

Power Intermediate Precision
Prismatic Circular Prismatic Circular
l l l l | l [ ] l I | ! l [ J ]
HW PW M&L W D S L ST W 4F 3F 2F 1F D S T
Heavy Palmar Medium Disk Sphere Lateral Stick Writing 4-fingers 3-fingers 2-fingers 1-finger Disk Sphere  Tripod
Wrap Wrap and
light wrap
C1 F30 Cc3 C10 C11 C16 F29 F20 Ccé c7 c8 F24 C12 C13 C14
Large Palmar Medium Disk Sphere Pinch Stick Writin Thumb-4 Thumb-3 Thumb-2 Tip Precision Precision  Tripod
diameter wrap tripos finger finger finger pinch disk sphere
c2 F18 Cc4 F26 F32 F25 Cco F27
Small Extension  Adducted Sphere Ventral Lateral Thumb-1 Quadpod
diameter Type thumb 4-fingers tripod finger
F22 Cc5 F28 F33
Parallel Light Sfphere Inferior
extension tool 3-fingers pincer
F31
Ring

Fig. 1. Taxonomy used to classify grasps in the experiment. The proposed taxonomy comprises three top-level categories: power, intermediate, and precision grasps.
Power and precision grasps are both subdivided into circular and prismatic types. Further classifications are reported with a higher level of detail, leading to 15 classes
(power prismatic: HW, PW, and M&L W; power circular: D and S; intermediate: L, ST, and W; precision prismatic: 4F, 3F, 2F, and 1F; precision circular: D, S, and T). Our analysis
was focused on the abovementioned classes. For the sake of completeness, we also reported all 28 grasp types included in the classes and used to classify the grasps
during the labeling process. For each grasp, the taxonomy reports a picture showing the grasp and an alphabetical label in reference to the taxonomy it was taken
from: C from (3) and F from (8). The images are taken and adapted with permission from (8).

However, passers rearranged the position of the palm when task or
object constraints were significant.

For each object, four comparisons (NIS task 1 versus HS task 1; NIS
task 2 versus HS task 2; NIS task 1 versus NIS task 2; HS task 1 versus
HS task 2) were performed using the Wilcoxon test (adjusted with the
Bonferroni correction) on both the absolute values of Pac (|Pac|) and on
the absolute distance between Pac and the median of the distribution of
Pac of each condition (|dPac|). In particular, we analyzed |Pac| to inves-
tigate the shift of the passer’s palm position toward the extremities of
the objects. In addition, we analyzed |dPac| to investigate how the palm
positions were clustered around the median of each condition. The
complete statistical results are reported in Table 1.

|Pac| values differed between NIS task 1 and HS task 1 for CPen,
OPen, Key, WShape, HDisk, LDisk, and Bar. Comparisons of Pac
values between NIS task 2 and HS task 2 were significant for OPen,
Key, FGlass, EGlass, FBottle, Bar, Screwdriver, and Teddy. |Pac| values
in NIS task 1 and NIS task 2 were statistically different for Key, WShape,
HDisk, LDisk, FGlass, EGlass, Box, and Book. Last, |Pac| values signif-
icantly differed between HS task 1 and HS task 2 for the Key and the
Ball. In particular, comparisons between NIS and HS showed that the
passer’s palm was closer to the extremities of the objects in HS than in
NIS. However, when the second task was an inserting task (i.e., for the
disks, EBottle, etc.), HS and NIS did not differ significantly.

The analysis of |dPac| values showed that NIS task 1 and HS task
1 were statistically different for WShape, EBottle, and Screwdriver. |dPac|
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values differed between NIS task 2 and HS task 2 for objects such as CPen,
Ball, FGlass, EGlass, FBottle, Screwdriver, and Bar. Comparisons of |dPac]|
values between NIS task 1 and NIS task 2 were significant for WShape
and Bar, whereas HS task 1 and HS task 2 differed only for Book.
These comparisons show that, generally, the passers’ palm positions
were clustered further away from the median in HS than in NIS. How-
ever, when the second task was an inserting task, as already observed
for |Pac| values, HS and NIS did not differ significantly.

In NIS, Key and Screwdriver were grasped from the handle in 45.1
and 100%, respectively, of the cases in task 1. Key and Screwdriver were
grasped from the handle in 100% of cases for task 2. Passers grasped Key
and Screwdriver from the handle in 84.3 and 60.8%, respectively, of the
cases in HS when the receiver had to simply put the object on the box.
These frequencies strongly decreased when the receiver needed to grasp
the handle of the object to perform the object-specific task. In this con-
dition (HS task 2), passers grasped the Key and Screwdriver from the
handle only in 5.9 and 21.6%, respectively, of cases. In all the other cases,
the passer left the handle completely unobstructed.

DISCUSSION

There are multiple factors influencing a grasp, and constraints deriving
from task, object, and environment have to be assessed in each and ev-
ery situation. Despite being a consequence of multiple sources of con-
straints, grasping is incontrovertibly a purposive action, and “it is the
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Fig. 2. Distribution of grasps throughout the experiment. The heat map on the left-hand side reports the occurrences of each grasp type over the 17 objects. For
each object, 306 grasps were labeled. The histogram on the right-hand side shows the overall frequencies of the grasp types normalized by the total number of the
labeled grasps (i.e., 5202). Precision grasps are the majority (62% of all grasps), followed by 30% of power grasps and 8% of intermediate grasps.

nature of the intended activity that finally influences the pattern of the
grip” [(11), p. 906]. Anatomical considerations and constraints intro-
duced by the objects, e.g., size and shape, also claim firm roles behind
the decision of a grasp.

Thus, objects can generally be gripped with different grasps. How-
ever, a handover introduces additional constraints to grasping and
strongly influences the final choice. Therefore, the aim of this work
was to assess the change in grasp type and in hand placement between
a non-interactive action and a handover. To this end, we performed an
experiment comparing participants grasping objects for a direct use (in
NIS) and for an object handover (in HS). The experimental results of
this work show that passers modify their grasp choice, favoring
precision grasps during the handover and allowing the receiver to per-
form the same grasps used in NIS. We also observed that passers
accounted for the receiver’s subsequent task and changed their grasp
strategy, especially when passers had to pass objects with a clear affor-
dance, such as Key and Screwdriver, which are equipped with handles.

Ambiguities in grasp labeling

Grasping is a very intricate sequence of actions, and its classification
into a finite set of types is challenging and ambiguous. Although there
seems to be some consensus on the definition of power and precision
grasps (3,4, 11, 39), every grasp aims to manipulate an object (precision
element) while stably holding it (power element). Thus, elements of
precision handling and power grip usually coexist in the same action
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(11, 40, 41), and consequently, a grasp is generally classified by its pre-
dominant element.

To help disambiguate between potentially similar-looking power and
precision grasps, we classified a grasp as a precision grasp when only dis-
tal and intermediate phalanges were used, whereas a grasp was classified
as a power grasp when palm and proximal phalanges were also involved.
This rule prompted us to partially modify the existing taxonomies in lit-
erature (3, 8, 10) to be as consistent as possible in the process of labeling.
The discrimination between power and precision grasps performed in
this work is in agreement with previous studies about human grasp
(11, 39, 42), which found that the palm and the proximal part of the hand
are involved in a power grip. Therefore, we firmly believe that it did not
influence the results of the classification. Moreover, this rule implicitly
suggests how much of the object surface was obstructed by the use of each
grasp type. Power grasps occlude a bigger portion of the grasped object,
whereas precision grasps leave more of the surface unencumbered. This
aspect is of prime importance during a handover where both people have
to share the limited surface of the same object. Our classification rule
might be translated into a control strategy to be implemented on robots
for a more purposive grasping and for a more effective handover.

Object characteristics and task constraint do

influence grasping

For our experimental setup, we used a number of objects differing in
shape and size (Fig. 7). Feix et al. (43) showed that objects with a grasp
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Fig. 3. Comparison of the performances of the passers in NIS and HS. (A) Histograms of the grasp choices over the two tasks; (B) histograms of grasp choices over the
two conditions (passers in NIS and receivers in HS). (A") and (B') depict the same information but show higher levels of granularity in the grasp types. The frequencies shown are
normalized by the total of 867 grasps performed by passers for each task of each session.

side wider than 5 cm and a mass over 250 g are more likely to be grasped
with a power grasp. Counterintuitively, objects with mass less than
200 g and whose grasp side is smaller than 5 cm are not necessarily
grasped using a precision grasp; power and intermediate grasps are also
frequently used. Our results show a prevalence of precision grasps (62%),
albeit the characteristics of the objects used in this experiment varied ex-
tensively (Fig. 2). In particular, 53% of our objects had at least one
dimension smaller than 5 cm; this is important because humans display
a clear preference to grasp the smallest dimension of an object (43). Fur-
thermore, most (59%) of the objects in our set weighed less than 200 g,
and only two objects were heavier than 500 g. In contrast with the work
of Feix et al. (43, 44), we observed that objects heavier than 250 to 300 g—
such as FBottle, FGlass, HDisk, and Ball—did not induce a clear prefer-
ence toward power grasps during our experiment. It is our opinion that
this difference may be a consequence of the different setup
(environment) and tasks between the two investigations. This hypothesis
is in agreement with discussions in Feix et al. (43, 44) and other previous
works, such as (4, 11), stating that the grasp choices can change and shift
because of dissimilarities in the initial conditions, friction, personal
factors (such as habits), and task demands. In (43, 44), the actions of
two housekeepers and two machinists were observed during their daily
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work, in which the most common tasks, such as mopping or turning
knobs, needed some strength to be performed. On the contrary, the tasks
we asked people to perform were quite easy and did not require much
force. Participants in NIS and receivers in HS were first asked to simply
grasp the objects and put them onto a box. Our results indicate that, for
this action, the object and task constraints in most of the cases were not
strong enough to encourage the participants to use power grasps rather
than precision grips. Participants in NIS and, similarly, receivers in HS
favored precision grasps in 70.1 and 61.2%, respectively, of cases (Figs. 3
and 4). As expected from our hypothesis, results similar to those of Feix
et al. (43, 44) were found when the participants were asked to use the
target objects on a more specific assignment (task 2). This condition
triggered the participants in NIS and the receivers in HS to increase the
frequency of power grasps up to 42.2 and 40.8%, respectively. In addition, a
very clear preference toward power grasps was observed for the bar (Fig. 2),
the biggest object in our dataset and the only one heavier than 600 g.

Handover entails precision grasps for passers but not

for receivers

A shift toward precision grasps was observed during the HS of our ex-
periment. In both tasks, objects were grasped with precision or
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Fig. 4. Comparison of the performances of the passers in NIS and receivers in HS. (A) Histograms of the grasp choices over the two tasks; (B) histograms of grasp
choices over the two conditions (passers in NIS and receivers in HS). (A") and (B') depict the same information but show higher levels of granularity in the grasp types.
The frequencies shown are normalized by the total of 867 grasps performed by passers or receivers for each task of each session.

intermediate grasps preferred by passers in HS, differently from NIS
(Fig. 3). Regardless of the task carried out by the receiver, passers exhib-
ited a strong preference for precision grasps, recorded in 73% of the
cases, whereas power grasps were displayed in less than 21% of the cases.
This predisposition might be a consequence of the main objective of the
passer, which is to accomplish an efficient and fluent object handover to
the receiver. To this end, it is likely that passers prefer grasp types that
allow for dexterous positioning and orientation (and adjustment) of the
object. Fingertips are the area of the human hand with the highest den-
sity of mechanoreceptors (45, 46), and their use emphasizes accuracy
and sensitivity over stability (47, 48). In detail, the skin of the fingertips
appears to have the highest density of FA I, SA I, and FA II units, which
convey tactile information to the brain. This is fundamental during pre-
cise/dexterous object manipulation (49) and hence critical during hand-
overs. SA I units are particularly sensitive to static forces applied on the
object; therefore, they play a key role in the feedback control of the grip
force of the passer on the object. In contrast, FA I and FA II encode fast
events between the skin and the object, such as friction, and events
acting on the hand-held object, such as the contact of the receiver on
the object. This information is crucial for the passer to behave reactively
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in correction of slippage events (50) and to begin the release of the object
in coordination with the grasping action of the receiver (22).

An additional point of consideration is the necessity for passers to
leave enough unobstructed surface area on the object to facilitate the
grasp of the receiver. This detail is in agreement with previous research
in neuroscience (6, 51, 52) that showed the influence of the after-grasp
task on grasp parameters such as the preshaping of the fingers. Un-
equivocally and by definition, precision grasps obstruct a smaller por-
tion of the object than power grips, thus leaving the receivers with
enough space to choose a grasp from a wider range of possibilities.

Furthermore, receivers were able to grasp and subsequently use
objects in both tasks of our experiment, exhibiting grasps similar to
those used by the participants in NIS, who had only the aim to use
the objects directly (Fig. 3). Consequently, passers and receivers did
not practice the same grasp types in HS because receivers used more
power grips than passers (Fig. 5). Together, those outcomes suggest
that, unlike passers, receivers do not shift their grasp choice toward
precision during the handover because they prefer, whenever possible,
a grasp that allows them to accomplish the subsequent task easily and
comfortably.
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Fig. 5. Comparison of grasp types between passers and receivers during handovers. The heat map reports all
1734 combinations of the passer’s and receiver’s grasps observed in HS. The highest number of occurrences is found
on the diagonal of this map. The red top-right semi-plane represents occurrences of more powerful grasps adopted
by the receivers (with respect to passers) and is more populated than the bottom-left semi-plane (more powerful

grasps by the passers with respect to receivers).

Handover and subsequent action of the receiver influence
the grasp location of the passer

Our experiment additionally shows that passers modulate not only
their grasp type but also their grasping location to allow a comfortable
and ready-to-use grasp to the receiver (Fig. 6). The analysis of the po-
sition of the palm of the passers relative to the objects shows a shift
toward the extremities of the objects in HS. In the case of relatively
compact objects such as WShape and the two disks, passers placed
their palm further away from the center of the object with respect to
when they had to put the same objects on the box during NIS. The
distribution of the approaching coordinate of the palm of the passer
relative to the frame of long objects (such as the glasses, bottles, Screw-
driver, and pens) tends to widen in HS, moving from the median of the
distribution and clustering near the extremities of the objects.

Comparable distributions to HS were observed in NIS when the
participants had to insert objects into a hole (WShape, disks, EBottle,
CPen, and Bar). This similarity suggests that, similar to the case of in-
serting tasks where participants know that they have to leave an
object’s side free to comfortably complete the action, passers consider
the space needed by the receiver to easily grasp the object during the
handover.

These results are in agreement with the qualitative study of Strabala et al.
(26), suggesting that passers tend to present objects in a way that
allows easy grasping by the receiver. The same authors observed that,
in some instances, passers rotated objects, such as a cup, so that the
receivers could grab the handle. Moreover, orientation is a real spatial
property with distinct visual appearance that affords action (53). Our
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Precision
spherical

100 work expands those results, suggesting
that this behavior is strongly influenced

i by the task that the receiver has to per-
80 form with the object after the handover.

We observed that, when the receiver had
to grasp the Key and Screwdriver by the
handle to perform the object-specific
task, the passer grasped the tip of the ob-
ject, leaving the handle free (Fig. 6). On
the contrary, passers often passed the
Key and the Screwdriver grasping the
handle when the receiver’s task was a pla-
cing task (task 1).

In a study about how humans inter-
act and use tools, Gibson (54) defined
the possibilities for action offered by
objects or by the environment as object
affordances. The term “perceived affor-
dance” was then used and diffused by
Norman (55) in the context of human-
machine interaction, making this concept
dependent not only on the agents’ ca-
pability but also on their goal and past
experience. In line with this theory, our re-
sults show that a clear object affordance,
such as a handle, may invite different
behaviors not only during single-agent
actions (56, 57) but also during cooper-
ative tasks such as handovers. In particular,
we suggest that, on the basis of their past
experiences, passers do reason about which
area of the object can afford the receiver’s
subsequent task and adapt their grasp strategy to appropriately present the
object to the partner.

60

40

20

Conclusion and future work

Globally, our results indicate that passers do modulate the grasp
considering not only their own task constraints (to fluently release
the object) but also the requirements of the receiver’s tasks to perform
an efficient and fluent interaction. In particular, passers likely make
predictions about their partner’s action using knowledge about the
task that receivers want to perform after the handover and adjust their
behavior according to this prediction. This hypothesis is in agreement
with a recent neuroscientific study (58) that demonstrated that, when
two agents are involved in a joint action requiring a degree of inter-
personal coordination, they are able to predict the other agent’s action
(and the effects of the other agent’s action) and to integrate the pre-
diction into the motor plan that guides their movements throughout
the interaction (in feedforward and in feedback).

To return to our initial questions about how a handover modifies
grasp choices, we suggest that there is an adjustment in the passer’s
choice of grasp and palm placement to facilitate the receiver. We are fully
aware that there are numerous areas in this field of research needing fu-
ture work. A natural extension includes the tracking and analysis of
finger placement alongside the palm. Finger placements are surrogate
information for a deeper understanding of the rearrangements that pas-
sers perform during handovers. Moreover, tracking the fingers might al-
so help with the classification of grasps, in that these data, in conjunction
with the disambiguation rule adopted in this paper, should decrease the
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Fig. 6. Distribution of palm positions of the passers relative to the objects. Plots show the median approaching coordinate Pac of all the 17 passers relative to each
object across sessions and tasks. The significant comparisons (P < 0.05) performed on |Pac| and on |dPac|, using the Wilcoxon test with the Bonferroni corrections, are
reported with (¥) and (%), respectively. In particular, |Pac| describes how the grasping locations are shifted toward the extremities of the objects, whereas |dPac|
describes how they are clustered far from the median of the distribution. The bottom-right plot shows whether Key and Screwdriver were grasped by the handle
or by the other extremity (Not Handle).
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X=Y>Z

A - Cameras in TRACKING mode
B - Cameras in REFERENCE mode
C - World Reference Frame
D - Table
E - Box
F - Workspace
G - Objects
# label X Y z mass ac Taskl Task2
[em] [em] [em] [g]
1a | CPen 4 17 17 18 dx Puton Put into a penholder
the box
1b | OPen 4 17 17 14 dx Puton Write
the box
2 | Key 135 3.7 0.8 6 dx AEen Turn into the keyhole
the box
3 | WShape 11 7 5.7 64 dx Puton Insert into a hole
the box
Put on
| . . . 2 2 2 :
4 | Apple 7.7 7.7 7.7 84  \/dx*+dy*+dz the box (Pretend to) bite
Put on .
2 2 2
5| Ball 8 8 8 270 |/ dx>+dy’+dz the box (Pretend to) bite
. Put on )
6 | LDisk 9.2 9.2 2.6 54 \ dxP+dy? the box Insert into a hole
Put on
) T )
7 | HDisk 11.2 11.2 28 352 JdxP+dy the box Insert into a hole
8a | FGlass 83 7.8 7.8 246 dx Puton (Pretend to) drink
the box
Put Holding the glass with the instrumented
8b | EGlass 8.3 7.8 7.8 56 dx uton hand and using the other hand to
the box )
pretend to pour water into the glass
Put on
9a | FBottle 23 6.8 6.8 588 dx Pour
the box
P
9b | EBottle 23 6.8 6.8 70 dx uton Insert into a hole
the box
10 | Box 215 16 6 434 dx Puton Pour
the box
11 | Book 242 16 12 362 dx Put on Put on a shelf
the box
12 | Screwdriver 27.7 3.7 3.7 166 dx Puton Screw
the box
13 | Bar 50 4 4 666 dx Puton Insert into a hole
the box
Put on
14 | Teddy 31.5 13 6 98 dx the box Play / Shake

Fig. 7. Experimental setup and test objects set. (Top) Left: Outlines of the three types of objects that we used and their frame system identified by the axes x, y, and
z along their major dimensions X, Y, and Z (X > Y > Z), respectively. These drawings show, for each type of object, the distance vectora from the centroids of the objects
(CO) to the centroid of the passer’s hand (CH) and the approaching coordinate of the passer’s hand in the object frame (ac). Right: The experimental setup, the test
objects, and the test gloves are shown. (Bottom) The table reports, for each object, its IabeJ, its three major dimensions, its mass, the mathematical definition of ac, and

the tasks. We refer to dx, dy, and dz as the components along x, y, and z of the vector d.
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Table 1. Statistical results. Results of the comparisons performed using the Wilcoxon test on the absolute value of the passer’s palm position relative to the
object (|Pac|) and the absolute distance between the median of the distribution of each condition and the passer's palm (|dPac|). The P values reported are
adjusted according to the Bonferroni correction. Significant results (P < 0.05) are boldface.

NIS versus HS

Task 1 versus task 2

Task 1 Task 2 NIS HS
|Pac| |dPac| |Pac| |dPac| |Pac| |dPac| |Pac| |dPac|
CPen Z=-2533 Z = -0.544 Z=-1.586 Z = -2.580 Z =-0.970 Z=-1.728 Z =-0.260 Z=-0.724
P = 0.045 P>09 P =0.451 P = 0.040 P> 09 P =0.336 P> 09 P> 09

Z = -1.586
P = 0451

Z =-2.769
P = 0.023

ambiguity in grasp classification. On the downside, the complexity of the
tracking system would increase as would the risk of affecting partici-
pants’ dexterity, influencing their grasps and their hand/fingers location
on the object. In parallel, the addition of novel tasks and objects (i.e.,
heavier objects than those we used and made-up objects of original
shapes) might bring new insights into the shift of grasp choice and the
impact that diverse tasks and object attributes have on hand placement.

In conclusion, we firmly believe that an implementation of the dis-
ambiguation rule and of the conclusions of this work will have a ben-
eficial effect on the effectiveness of robotic grasping, affecting a
comprehensive range of applications. For instance, the consideration
of object and task constraints will help in choosing grasp types that

Cini et al., Sci. Robot. 4, eaau9757 (2019) 13 February 2019

P>P>09

allow industrial robots not only to grasp objects and tools but also,
more importantly, to use those objects and tools to successfully
complete more refined tasks. In terms of collaborative manipulation,
the conclusions of this work are a step toward augmenting the effec-
tiveness and naturalness of object handovers, which are necessary for
enhanced cooperation and collaboration.

MATERIALS AND METHODS

Participants

Seventeen pairs of people (for a total of 34 participants; gender,
23 males and 11 females; mean age, 30.9; SD, 7.9) took part in the
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experiment. All participants were healthy, used their right hand, re-
ported normal vision, and were not aware of the purpose of the exper-
iment. All participants participated on a voluntary basis and gave their
signed consent to the participation. This project was reviewed within
the Science and Engineering Faculty Low Risk Ethics process, con-
firmed to be Low Risk, approved, and confirmed to meet the require-
ments of the National Statement on Ethical Conduct in Human
Research. This project was considered and approved by the Chair,
Queensland University of Technology Human Research Ethics Com-
mittee under reference number 1800000243 in the Ethics Category:
Human Negligible-Low Risk.

Experimental setup and protocol

The experimental setup consisted of a visual tracking system, 17 test
objects, two thin fingerless test gloves, infrared passive markers
(IRm), a box with holes of different shapes, and a reference object
(Fig. 7). We used the OptiTrack capture system (http://optitrack.com/)
as the visual tracking system. Ten Flex 13 cameras were placed around
the scene: Eight cameras were set to tracking mode and tracked the po-
sition of IRm at 120 Hz, and two cameras were set to reference mode and
recorded videos of the experiment at 30 fps (Fig. 7). The OptiTrack sys-
tem sent the tracking data and video recordings to a PC that ran the
Motive software.

To sensorise the test objects and gloves without affecting or influ-
encing the grasp choice of the participants, we used different patterns
and types of IRm (Fig. 7). In particular, very tiny spherical IRm (diam-
eter, 3 mm) or an IRm tape was used on little objects or whenever pos-
sible; slightly bigger IRm (diameter, 8 mm) were used only on the larger
objects. The gloves were sensorized only on the back, leaving the palm
surface completely free. In addition, the different patterns of IRm
allowed the software to distinguish the objects, assigning a univocal
coordinate frame to each of them and recording both position and ori-
entation at 120 Hz. To simplify the data analysis, we also placed the
markers to have the axes of the objects’ frames along the three major
dimensions of the objects. A detailed list of the 17 test objects, describing
their sizes and mass, is reported in Fig. 7. Last, a reference object (trian-
gular in shape and fixed on the scene) was used to set the global
reference frame of the OptiTrack system.

In each pair of participants, one was asked to play the role of passer
and the other was asked to play the role of receiver. Both participants
were asked to use only the right hand during the experiment, and the
hand was instrumented with a test glove. The experiment comprised two
sessions. The aim of the first session (NIS) was to observe how a single
person grasps objects for a direct use. The second session (HS) sought to
analyze the change of grasp when a person has to pass the same objects
to a partner while knowing the task the partner has to perform with it.
Therefore, only the passer was involved in NIS, and the participant stood
in front of a table under the visual tracking system. The participant was
asked to repeatedly grasp the 17 test objects, placed singularly on the
table, and subsequently to perform a task. The experiment included
two tasks per object. The first task (task 1) was a general placing task
and required to move the object onto a box placed on the right-hand
side of the participant. The second task (task 2) was an object-specific
action and differed according to the object’s characteristic and function
(Fig. 7). When task 2 consisted of an inserting action, participants had to
insert the object into a specific hole of the box. When task 2 was a
pouring action, participants had to pour the contents of the objects into
a cup on the table. The protocol required that the passer grasp each ob-
ject three times to perform task 1 and then three times to perform task 2.

Cini et al., Sci. Robot. 4, eaau9757 (2019) 13 February 2019

In the subsequent session (HS), the passer and receiver stood (both
under the visual tracking system) at opposite sides of the table and were
asked to collaborate, allowing the receiver to perform the same two tasks
already carried out by the passer in NIS. In particular, the passer had to
pass each of the 17 test objects to the receiver six times. During the first
three handovers, the receiver was asked to grasp the object from the
passer and use it to perform task 1; the receiver had to perform task 2
in the following three handovers.

Participants were asked in both sessions to put the instrumented
hand on the table before the beginning of each trial. Then, the experi-
menters placed the object on the table in the appropriate position (each
object had a specific initial position that was kept constant throughout
the experiment to ensure repeatability) and informed both participants
of the task to perform. A verbal command (“Go”) from the experimen-
ters signaled to start the action.

Participants were asked to use only one hand and to minimize (or
avoid altogether if possible) in-hand manipulation of the objects. This
instruction was motivated by the fact that (i) considering the difficulties
still present to implement robotic bimanual and in-hand manipulation,
the results of this work can still be promptly implemented on many cur-
rent robotic platforms; (ii) in everyday life, it is possible for receivers to
ask for objects so that they are directly usable, e.g., when asking for an
object without directly seeing the passers passing the object or asking for
a tool while performing a job and having the other hand busy; and (ii) it
allowed a reliable classification of the grasp used by the participants. The
experimenters visually monitored the execution of the trials to verify
their correctness. The trial was repeated whenever the visual tracking
failed. The order of the test objects to be grasped was chosen randomly.
It is our opinion that this order was not relevant because all the objects
can likely be found in all households, and they are often used in
everyday life. A break of 5 to 10 min was included between the two
sessions, and the average duration of the experiment was 1.5 hours.

Data analysis

We analyzed the videos recorded by the two cameras set to recording
mode and manually classified the grasps performed by passers and re-
ceivers in each trial of NIS and HS. Illustrative examples of trials can be
found in movie S1. Classifying grasp type is not trivial. This is mainly
due to the fact that, sometimes, there are only little differences among
grasps. Therefore, for labeling purposes, we used all the 28 grasp types
shown in Fig. 1. Such a high level of detail in the grasp type discrimi-
nation helped us to solve ambiguities and to be consistent during the
classification process.

The grasps in NIS were labeled when the passer completed the
grasping action and firmly held the test object; grasps in HS were
selected as close as possible to the moment of the handover. The Mo-
tive software aligns video frames with the tracking data; hence, it was
possible to extract the instant of time (T}) at which the labeled grasps
occurred through a frame-by-frame analysis. Once this analysis of the
video recordings was completed, we computed the frequencies of
grasp occurrences over the sessions (NIS and HS), over the objects,
over the tasks (task 1 and task 2), and over the roles (passer and re-
ceiver). These analyses were performed focusing on the classes of the
two lowest levels of the taxonomy tree in Fig. 1. This choice is in line
with other studies in literature, such as (59), where only nine general
classes of grasps are used to perform the analyses.

The position and orientation of objects and gloves worn by par-
ticipants were used to study the obstruction of the objects’ surface
due to the position of the passer’s hand. We refer to the centroid of
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the passer hand as CH and we refer to the centroids of the objects as
CO. For each object, we identified its three major dimensions, X, Y,
and Z, with X > Y > Z. The axes along these three dimensions iden-
tified the frame of each object and were denoted as x, y, and z, where x
was along the longest object dimension and z was along the shortest
dimension, respectively. The origin of the object frame was placed on
CO (Fig. 7). For each time instant, we computed the homogeneous
transformation matrix that related the coordinate frame of the passer’s
palm to the frame of the object. From the transformation matrix, we
obtained the distance vector d from CO to CH with components dx,
dy, and dz along the axes x, y, and z, respectively. This allowed us to
evaluate over time the approaching coordinate of the passer’s hand in
the object frame (ac) (Fig. 7). In particular, when X > Y > Z, ac was
defined as the projection of d along the major axis x and coincides
with dx. When X = Y > Z (disks), the object has not a unique major
axis or a defined orientation on the plane xy as x and y can be rotated
around z without any change in length. Thus, in this case, we defined ac
as the magnitude of the projection of d on the plane xy computed as
y/dx? + dy? . When X = Y = Z (spheres), because any cross section of
the object is equally circular and the object has not a major axis or a
defined orientation in the 3D space, we defined ac as the magnitude
of the vector d computed as y/dx? + dy? 4 dz2 The median value of
ac on the 10 samples following T, was computed and used to calcu-
late, for each participant, the median across the three repetitions of
each task of each session (Pac).

Last, for each object and for each of the four conditions of the ex-
periment (two sessions times two tasks), we evaluated the absolute val-
ue of Pac (|Pac|) and the absolute difference between each Pac value
and the median of the Pac across participants (|dPac|). Specifically, we
aimed to investigate how much the distributions of Pac were shifted
toward the object’s extremities and how the distributions of Pac were
clustered around the median. The answers to these questions were
found respectively with the analysis of |Pac| and with the analysis of
|dPac| across the conditions. Therefore, we carried out four compar-
isons for each object on both |Pac| and |dPac| (NIS task 1 versus NIS
task 2; HS task 1 versus HS task 2; NIS task 1 versus HS task 1; NIS task
2 versus HS task 2) using the Wilcoxon test adjusted with the Bonferroni
correction. Statistical significance was defined for a P value of <0.05. For
the two test objects with a defined handle, Key and Screwdriver, we also
manually annotated how many times passers grasped them from the
handle in each of the four conditions of the experiment.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/4/27/eaau9757/DC1
Movie S1. Example of trials with the views of the object tracking.
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