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Abstract

We investigate the premise that robust grasping performance is enabled by exploiting constraints present in the environ-

ment. These constraints, leveraged through motion in contact, counteract uncertainty in state variables relevant to grasp

success. Given this premise, grasping becomes a process of successive exploitation of environmental constraints, until a

successful grasp has been established. We present support for this view found through the analysis of human grasp beha-

vior and by showing robust robotic grasping based on constraint-exploiting grasp strategies. Furthermore, we show that

it is possible to design robotic hands with inherent capabilities for the exploitation of environmental constraints.
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1. Introduction

Humans are excellent graspers. Despite decades of research

on robotic grasping, we have yet to establish the same level

of competency in robotic systems. What lets humans grasp

so well? There are many answers to this question: most are

associated with active research areas in robotics. We pro-

pose that human grasp performance is to a significant

extent the result of carefully orchestrated interactions

between the hand, the object, and the environment. Our

premise is the following: a competent grasper must exploit

constraints present in the environment by employing physi-

cal contact so as to counteract uncertainty in state vari-

ables most relevant to grasp success. If this premise is true,

robust and versatile grasping is the process of determining

sequences of motions that take advantage of these con-

straints in the most effective manner.

Although the observation of human grasping intuitively

supports our premise, because humans routinely establish

contact with the environment when grasping, we are not

aware of systematic studies on the use and purpose of such

contacts in the psychology literature. We present a study on

human grasping that evaluates the plausibility of our pre-

mise. Specifically, we investigate whether humans increase

the amount of interaction with environmental constraints

when uncertainty about the environment is increased

through an induced visual impairment. For this, we estab-

lish a set of parameters to quantify the amount of interac-

tion with the support surface during grasping, and test for

effects on those parameters induced by the visual

impairment.

Ongoing research on robotic grasping provides further

support for our premise. Novel gripper and hand designs

often include compliant materials or actuators. In our view,

this does not only lead to more robust interactions between

hand and the grasped object, but also facilitates the exploi-

tation of environmental constraints. There are several stud-

ies of novel hands, reviewed in the next section, that

deliberately exploit environmental constraints in specific

application scenarios or for specific grasps. Research in

grasp planning has also begun to consider the use of envi-

ronmental constraints, however, either to a limited extent or

in specifically tailored approaches. Beyond these instances,

to the best of our knowledge, there is no comprehensive

approach for the generic, orchestrated use of environmental

constraints in robotic grasping.

In this paper, we outline the beginnings of an integrated

research agenda towards robotic grasping by leveraging
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environmental constraints. This agenda spans the study of

human grasping, the development of appropriate grasp stra-

tegies, the required perceptual strategies to determine when

each of the strategies is most appropriate, and the design of

robotic hands tailored for the exploitation of environmental

constraints.

This journal paper is an extended version of the paper

presented at the International Symposium on Robotics

Research (Deimel et al., 2013). Changes include a more

detailed analysis of the human grasping experiments and a

new robotic grasping strategy that exploits another com-

monly occurring environmental constraint: the wall-

constrained grasp.

2. Related work

To support our claim that competent graspers exploit envi-

ronmental constraints, we divide related work into three

categories based on the types of interactions they consider.

The first category, which also marks the beginnings of

grasping research in robotics, analyzes quasistatic grasps

and thus does not exploit any interaction that might occur

during the grasping process. The second category exploits

interactions between hand and object. The final and most

recent category exploits interactions between hand, object,

and environment, enabling the consideration of environ-

mental constraints for robust grasping.

2.1. Force closure

Early grasping research emphasizes the concepts of force

and form closure, reflecting a static grasping relationship

between hand and object (Mason, 2001; Prattichizzo and

Trinkle, 2008). A grasp is commonly expressed as a set of

disembodied point contacts. Physical interactions occurring

during the grasp, and sometimes even the limitations that

result from the kinematics of the hand, are often not

accounted for during grasp planning. These approaches

require detailed models of both the environment and the

hand to exactly attain the planned grasping configuration.

This approach to grasping promotes the design of hard-

ware by which precise placement of specific contact points

on objects can be achieved. Consequently, the dominant

paradigm of hand design leads to mechanically complex,

rigid hands with many degrees of freedom (Kawasaki et al.,

1999), some with compliant actuation (Grebenstein et al.,

2012).

This line of research continues to be active and success-

ful, as evidenced by a large number of sophisticated and

capable grasp planners (Ciocarlie and Allen, 2009), simula-

tors (Miller and Allen, 2004), and hand designs (Controzzi

et al., 2014). In our experience, however, the grasps deter-

mined by these approaches do not reliably transfer to the

real world when executed even on the most sophisticated

hands. The fact that most classical grasp metrics only

poorly reflect physical reality was also shown by

Balasubramanian et al. (2012).

Interestingly, early studies of human grasping also fol-

lowed this static view of grasping, largely ignoring the

grasping process itself. This is reflected in grasp taxo-

nomies, classifying grasps according to the final hand pos-

ture attained after the grasp process is completed

(Cutkosky, 1989; Feix et al., 2009). Even the early work on

postural synergies, which has had a profound impact on

robotics, initially only considered synergies of static grasp

postures (Santello et al., 1998). These studies do not cap-

ture the dynamic processes and the exploitation of environ-

mental constraints we believe to be crucial for robust

grasping.

2.2. Interactions between hand and object

During grasp execution, mechanical compliance in the hand

leads to an adaptation of the hand’s configuration to the

object’s shape. This shape adaptation aids grasping perfor-

mance by compensating uncertainty in sensing, actuation,

and the world model. This benefit is realized to a large

extent through the attainment of many contact points, most

of which would not have been found by a static grasp plan-

ner. Shape adaptation therefore significantly increases the

chances of achieving force closure with a grasp. Much of

the recent work in robotic grasping attempts to leverage this

effect explicitly, especially in hand design. The positive

pressure gripper (Amend et al., 2012) represents an extreme

example in this regard. It uses granular material enclosed in

a flexible bag to achieve compliance of the entire gripper to

large parts of the object’s geometry. By evacuating the air

contained in the bag and thereby jamming the granular

material, the gripper firms up adopting the shape of the

enclosed object. Rodriguez and Mason (2012) optimize the

shape of non-compliant fingers to yield the same contact

point configuration irrespective of object size. Shape adapt-

ability can be enhanced by adding compliant parts and

increasing the number of degrees of freedom (Hirose and

Umetani, 1978).

An effective way of achieving shape adaptability with-

out increasing the complexity of control is underactuation.

The SDM hand (Dollar and Howe, 2010), the Velo gripper

(Ciocarlie et al., 2013), the i-HY hand (Odhner et al.,

2014), and the Pisa/IIT SoftHand (Catalano et al., 2014)

couple the actuation of degrees of freedom using tendon–

pulley systems, adapting the shape of the hand to the object

while equalizing contact forces.

Shape adaptability can also be accounted for at the per-

ceptual level, when planning grasps. Some works do this

by matching hand pre-grasp postures to prototypical geo-

metric shapes (Miller et al., 2003; Eppner and Brock,

2013). Others learn the mapping of hand–object shape

match from real data (Lenz et al., 2013). Brost (1986) pre-

sents a grasp planner that relies on interactions to reduce

state space, but only considers interactions between object

and hand.

The nature of hand–object interaction under uncertainty

has also been studied in humans. Christopoulos and
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Schrater (2009) show that humans react to pose uncertainty

of an object by aligning the hand with the direction of max-

imum uncertainty to maximize the probability of establish-

ing force closure at first contact. A similar study concludes

that humans maximize the chance of establishing contact

with the object, but then perform post-contact postural

adaptation (Fu et al., 2013). In this case, the hand acts as a

haptic sensor. Both studies show that humans employ con-

tacts with the object to improve the robustness of grasping.

2.3. Interactions between hand, object, and

environment

Analogous to the object constraining the motion of the

hand, features of the environment may also constrain the

motions of hand or object. This is most evident for surfaces

which objects rest on, such as tables and floors. These

environmental constraints, when used properly, can aid

grasping. Furthermore, we postulate that the necessary per-

ceptual information for leveraging such constraints often is

easier to obtain than the information required for reliably

planning a configuration with force closure property

directly.

The idea of environmental constraints appears in early

work by Lozano-Pérez, Mason, and Taylor (Lozano-Pérez

et al., 1984; Mason, 1985; Erdmann and Mason, 1988).

Here, the intrinsic mechanics of the task environment are

exploited to eliminate uncertainty and to achieve robustness.

It was not until much later that these concepts gained

use in the context of grasping. Recent research leverages

environmental constraints in the suggested manner, for

example to position the hand relative to the object (Deimel

and Brock, 2013), to cage objects (Kazemi et al., 2012;

Deimel and Brock, 2013), or to fix an object during planar

sliding (Dogar and Srinivasa, 2010; Deimel and Brock,

2013). Furthermore, specialized, simple gripper designs

can exploit surface constraints such as floors to reliably

pick up a large variety of objects (Xu et al., 2009). The

recently introduced concept of extrinsic dexterity (Dafle

et al., 2014) shows how the exploitation of environmental

constraints can lead to impressive in-hand manipulation

capabilities even for simple gripper designs. Also, grasp

planning can improve the robustness of grasping by favor-

ing actions that require environmental constraints (Eppner

and Brock, 2013).

Some pre-grasp manipulation relies on environmental

constraints to improve grasp success. For example, Chang

et al. (2008) rotate pan handles into a specific orientation

prior to grasping by exploiting the pan’s friction and remote

center of mass. This rotation is easy to achieve when the

supporting surface is exploited as a constraint for the

required motion. Furthermore, non-prehensile manipulation

planners also benefit from the consideration of interactions

between object and environment (Maeda et al., 2001).

Environmental constraints can also be added to the envi-

ronment deliberately. In automation and manufacturing,

fixtures and part feeders incorporate highly specialized

constraints. They are designed to affix a part in space or to

move it into a desired orientation. To illustrate, a vibratory

bowl feeder uses a set of environmental features in con-

junction with a simple transport mechanism (vibration) to

achieve complex manipulation behavior. There are

approaches that analyze and automatically design the envi-

ronmental constraints needed to reorient specific objects

(Caine, 1994). Though the approach of specializing the

environment is economically feasible for mass production,

we aim to exploit environmental constraints that are more

readily available in a wide range of tasks, settings, object

geometries, and perceptual capabilities.

All of the aforementioned methods and mechanisms to

exploit environmental constraints rely on multiple compli-

ant interactions involving parts of the environment prior to

establishing the final grasp. These phases often are

designed to reduce uncertainties in specific variables rele-

vant to grasp success, and may be executed as integrated,

swift actions. This blurs the traditional distinction between

pre-grasp manipulation and grasping.

We believe that the recent trend towards exploiting envi-

ronmental constraints and the observation of the same types

of behavior in humans represents an opportunity to improve

robotic grasping capabilities. To take full advantage of this

opportunity, we should understand the strategies humans

employ, transfer them to robotic control systems, and also

develop robotic hands that facilitate this transfer.

The study of human exploitation of environmental con-

straints has only received limited attention. For example,

Kaneko et al. (2000) extracted a set of grasping strategies

from observations of a human subject. These strategies

include interactions with environmental constraints. Chang

and Pollard (2009) created a taxonomy of human pre-grasp

manipulations that employ the support surface by observing

video recordings of humans performing object manipula-

tion as part of their daily activities. Many of the documen-

ted actions, such as rotating an object on a flat surface,

actually rely on the presence of environmental constraints.

Wang and MacKenzie (2000) find that the presence of a

support surface can increase manipulation speed. The

authors attribute this to the support surface’s effect of con-

straining end-effector motion.

There are also interesting results on the study of human

grasping under different kinds of impairments. Severely

impairing normal vision of humans with lenses can lead to

an almost threefold increase in failed grasps (Melmoth

et al., 2009). It has also been shown that tactile impair-

ments (fingertip anesthesia) can lead to ’ 30% failed

grasps even in the presence of a support surface (Gentilucci

et al., 1997). Remarkably, both experiments enforced a par-

ticular kind of grasp posture. We believe that by imposing

constraints on permissible grasp posture, the participants

were deprived of the possibility of employing or developing

a strategy that counteracts the effects of the impairment.

Kazemi et al. (2014) studied human grasping in a study

similar to the one presented in Section 3. They compared

Eppner et al. 1023



surface contact of the hand during grasping in two condi-

tions. In one scenario humans were instructed not to con-

tact the surface during grasping, and in the other they did

not receive such instructions and were free to grasp any

way they wanted. The experiment revealed that humans are

capable of grasping without contacting the support surface

when required to do so but in the absence of this constraint

exploit environmental constraints extensively. Together

with the experiments presented in this paper, it makes a

strong case for humans intentionally exploiting the envi-

ronment to increase the robustness of grasping.

3. Human grasping exploits environmental

constraints

In this paper we argue that competent grasping exploits

constraints in the environment. In this section, we describe

our work towards the identification of successful strategies

for the exploitation of environmental constraints in human

grasping. In a first step, we define operational measures to

quantitatively characterize the exploitation of a specific

environmental constraint, namely the support surface of a

grasped object. We also show that the interaction with the

support surface becomes more pronounced when grasping

is made more difficult by impairing human vision. We view

this finding as support for our main premise.

3.1. Quantifying contact interactions with

support surfaces

We choose the following parameters (also listed in Table 1)

to quantify the contact interaction with the support surface

during a grasping trial: the number of distinct support con-

tacts, N, the mean travel distance of all support contacts, �d
(spatial extent), the mean duration of all support contacts, Dtc

(temporal extent), and the maximum force exerted orthogonal

to the support surface, fmax (energetic extent). Additionally,

we measure the grasp duration Dtg, that is, the time elapsed

between the first contact with either the object or the support

surface and object lift. Larger values in these parameters indi-

cate increased interaction with the support surface. We will

show that these parameters serve as a meaningful characteri-

zation of the interaction with the support surface.

3.2. Experiment

Five right-handed adults (aged 20–25 years, two females)

participated in the experiment. They were naive to the

rationale behind the experimental design. All participants

reported normal or corrected-to-normal vision. The experi-

ment lasted approximately 1.5 hours and each participant

received remuneration of e8 per hour.

A grasp trial began with the participant’s hand extended

and resting at a start position: see Figure 1. An object was

placed at a fixed location on top of a tablet computer

located behind an occlusion panel blocking the participant’s

view. Then, the occlusion panel was removed and the parti-

cipant was able to observe the scene. After a delay of 3 s,

the participant received an auditory signal to grasp the

object. During grasp, the tablet’s touchscreen was used to

record the support contact trajectories, from which N, Dtc,

and �d were calculated. The tablet rested on a force/torque

sensor used to record contact forces and to estimate fmax.

Please refer to Section 3.4 for examples of recorded sup-

port contact trajectories and forces. The trial ended with

another auditory signal that occurred at lift, in response to

which the participant released the object and returned the

hand to the start position.

The experiment was performed under two conditions:

control and impaired. In the control condition, human

vision was not altered. In the impaired condition, the parti-

cipants wore custom goggles that blurred details of the

objects’ shapes and degraded depth perception: see Figure

2. It is difficult to quantify the effect of the goggles, but

they allowed us to induce a consistent and severe reduction

in human vision. The impaired condition trials preceded

the control trials to prevent participants from observing the

details of the object shapes. Each participant performed

100 trials: ten objects, five repetitions per object, each

under two conditions.

We used the following objects: a button, a salt shaker, a

roll of adhesive tape, a matchbox, a marker pen, sunglasses,

a comb, a plastic screw, a toy, and a chestnut. All objects

were painted black to remove color cues potentially useful

for object identification, and to homogenize the contrast

with the surroundings (see Figure 2). The tablet’s screen

had a white background and was operating at its highest

intensity to maximize the contrast between the support sur-

face and the target object. The participants wore a conduc-

tive glove to improve the reliability of the touchscreen

measurements. The participants were seated as shown in

Figure 1, with their head supported by a chin and forehead

rest. The setup was adapted to the comfort of the partici-

pant and to ensure that the viewing distance to the center of

the tablet was ’ 45 cm. At the beginning of each trial, the

touchscreen outlined a bounding box at the center of the

tablet’s touchscreen, in which the target object was placed.

The experiment was recorded with three cameras that pro-

vided frontal, ipsilateral to hand movement, and top views

of the grasp movement. Movement onset, that is, when

hand velocity exceeded 15 cm/s, was determined using a

structured marker attached to the conductive glove and a

tracking algorithm that estimated the position of the

Table 1. A list of parameters proposed to estimate the extent of

interaction during a grasp and which cover different aspects of

interaction.

�d mean travel distance of contacts
Dtc mean duration of contacts
Dtg time from first contact to object lift
fmax maximum vertical force applied
N number of distinct contacts

1024 The International Journal of Robotics Research 34(7)



structured marker. The camera ipsilateral to grasp move-

ment was used to determine when lift occurred, that is, both

hand and object were at least 3 mm away from the support

surface. The lift detection reliability was ensured by con-

trolled illumination and the high contrast between the black

gloved hand and objects, and a white wall that served as

background. The force recordings were used to detect the

contact time, that is, the first peak in the smoothed force

signal after movement onset. The contact time estimation

was validated manually.

3.3. Results

The parameters N, Dtc, �d, fmax, and Dtg measured in the

five trials for an object on each condition were averaged

for all participants. We performed two kinds of analyses: a

correlation analysis and a series of tests for possible effects

induced by the impairment.

To check whether the chosen parameters are consistent

across subjects and trials within a given condition, we per-

formed a correlation analysis. Figure 3 depicts the Pearson

correlation coefficients between all measured indicators,

arranged in a cross-correlation matrix for both control and

impaired condition. All parameters exhibited strong posi-

tive correlations in both conditions, which means that the

parameters are consistent and that we can use any subset of

the proposed indicators for estimating the extent of interac-

tion. As the parameters cover different aspects of interac-

tion, the strong correlations observed also reduce the

chance of a misinterpretation of the results. For example, a

participant can exert force on the support surface via the

object being grasped, without touching the surface at all.

This would potentially make fmax a poor indicator for inter-

action with the support surface, but as it correlates well

with N, �d, and Dtc we can rule out this alternative explana-

tion in our analysis.

Fig. 1. Experimental setup of the grasping experiment; top: schematic diagram; bottom: actual setup.

Eppner et al. 1025



In the second analysis we tested for an increase of

interactions when visually impairing a participant. A set of

one-tailed paired t-tests on the five parameters (Holm–

Bonferroni corrected with global a = 0.05) revealed a sig-

nificant effect for each parameter and for all participants.

This result is a strong support for our premise stated in

Section 1, where a competent grasper will use interactions

to counteract uncertainty. The high correlation between

grasping time Dtg and the rest of the parameters also sug-

gests that the additional time for the grasp was spent, to

some extent, on increasing the interactions with the support

surface.

3.4. Examples of grasp trials

We now present some interesting examples of support con-

tact trajectories and contact forces registered during our

experiment. The provided data exemplifies the results of

the t-test analysis explained earlier on: the participants

interacted more with the support surface when visually

impaired.
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Fig. 4. Participant 3 grasping the button.

Fig 2. A goggle with blurring glasses was used to impair vision.

The images below show the resulting view of the target objects

by the participants in the control condition (left) and the impaired

condition (right).

Fig. 3. All candidate parameters (see Table 1) for estimating

grasp difficulty are consistent with each other, as indicated by

the Pearson correlation coefficients averaged over participants

and trials; top: control condition; bottom: impaired condition.
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First, we present how participant 3 grasped a button; see

Figure 4. The participant slid the button towards the tablet

edge before grasping in all 10 trials. However, the slide

motion was not generated in the same way in both condi-

tions. In the control condition the participant gently guided

the movement of the target with one finger placed on top

of the target, and without touching the support surface. In

contrast, in the impaired condition support contacts were

registered in all trials (see Figure 5 for example images).

Interestingly, in trial 5 of the impaired condition, the parti-

cipant’s middle finger established a support contact while

the target was not within the reach of the hand (see Figure

6), and retained it during the slide towards the edge (the

arched support contact trajectory on the bottom right).

Moreover, the interaction between the hand and the envi-

ronment was not limited to the top of the tablet. Instead,

the participant wrapped his thumb underneath the tablet

while performing an edge grasp.

Next, we show how participant 2 grasped the same tar-

get (see Figure 7). Both conditions had in common that the

participant flipped the target by anchoring one finger on

one side of the target while pulling from the other side with

another finger. Therefore, this participant employed a dif-

ferent strategy than participant 3 to grasp the same object.

Interestingly, the fingers that generate support contact tra-

jectories do not necessarily contact the target at any point.

For example, in trial 2 of the impaired condition, the flip

was performed using only thumb and index fingers but all

fingers traveled along the support surface.

Admittedly an object as flat as a button is difficult to

grasp without establishing support contact, or without slid-

ing it first towards an edge. However, we also observed

Fig. 5. Participant 3 grasping a button, trial 1 impaired

condition. From top to bottom and from left to right: 1) The

fingers establish support contact at the proximal and distal sides

of the target. 2) The hand closes upon the object (only the ring

finger and the thumb retain support contact; the middle finger is

on top of the object). 3) The hand starts sliding the target towards

the edge, and the thumb abducts in advance, probably

anticipating the arrival of the target. 4) Falls down the edge. 5)

The thumb establishes contact with the bottom side of the

support surface. 6) Lift complete.

Fig. 6. Participant 3 initiating support contact when the hand was

still reaching for the target in trial 5 of the impaired condition.
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Fig. 7. Participant 2 grasping the button.
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support contact on objects that can be grasped directly. An

example of this is participant 1 grasping a matchbox (see

Figure 8). The support contact trajectories were generated

because the participant established several support contacts

around the target before closing the hand.

3.5. Discussion

The results of our study support two conclusions. First, the

proposed parameters are meaningful for the characteriza-

tion of the interaction with the support surface, as they

exhibit high inter-correlations. Additionally, the high corre-

lations between parameters directly derived from the sup-

port contact trajectories (N, �d and Dtc), and parameters that

are not necessarily directly related to support contact (fmax)

suggest that contact forces are also related to direct interac-

tion with the support surface, at least in grasping experi-

ments involving targets similar ours. This is important

because force sensors can be applied in a wider range of

situations than touchscreens.

Second, humans increase the interaction with the support

surface when their vision is experimentally impaired as

indicated by significant differences in the measured para-

meters between the two conditions. This is consistent with

the main premise of this paper, that is, that robust grasping

should exploit environmental constraints to compensate for

uncertainty. In our experiments, the visual impairment

results in an increase in the number of support contacts,

and an increase in the duration of support contacts and in

their travel distance, and on larger magnitudes of the con-

tact forces.

Grasping time in the impaired condition also increases

significantly. Traditionally, this has been interpreted as

increased reliance on tactile feedback (Ernst and Banks,

2002; Melmoth et al., 2009). However, since the increase

in grasping time correlates with the parameters used to

quantify the amount of interaction with the support surface,

we also attribute the increased grasping time to increased

interaction with the environment. Through observation of

the video recordings, we could identify common situations

in which the hand interacts with the support surface prior

to establishing a grasp, for example when objects are trans-

lated or flipped, or whilst the hand closes upon the object.

We could also observe support contact when the object was

not yet in reach of the hand (see Figure 6), or contact that

occurs on the bottom side of the tablet used as support sur-

face. We see these situations as exploitations of the support

surface, for example to guide the target during manipula-

tion, to direct the finger trajectories, and to guide the hand

trajectory. We also observed that different participants can

have different preferences on the strategy to use for a par-

ticular situation, which raises the question of what factors

drive strategy selection.

In further research we will focus on the systematic iden-

tification and detailed study of successful exploitation stra-

tegies of environmental constraints, and characterize the

conditions for which they are successful. The presented

study is a first step towards analyzing human grasp strate-

gies in more detail. We hope to transfer these insights to

robots so as to endow them with improved grasping

capabilities.

4. Robotic grasping benefits from

environmental constraint exploitation

In the previous section, we concluded that humans increase

their use of an environmental constraint in response to per-

ceptual uncertainty. In this section, we investigate how
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Fig. 8. Participant 1 grasping the matchbox.
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robots can exploit such constraints. Our goal is to design

grasp strategies that exploit environmental constraints to

increase grasp success and to show that there are a variety

of environmental constraints that can be leveraged by those

strategies.

4.1. Surface-constrained grasp with Barrett hand

We compare two grasp strategies that leverage the same

environmental constraint to a different degree. The environ-

mental constraint in this experiment is provided by the sup-

porting table surface. As the height of objects decreases,

grasping becomes more difficult. We expect grasp success

to be higher if the constraint provided by the table surface

to guide finger placement on the object is exploited to a

higher degree.

Constant wrist pose: The first strategy was introduced

in our prior work (Eppner and Brock, 2013). Grasp poses

are generated by fitting geometric primitives like cylinders,

spheres, and boxes to depth measurements of the scene. To

increase the likelihood of grasp success, pre-grasp poses

are refined in response to environmental constraints. For

this strategy, the palm of the hand is aligned with the sup-

port surface. The hand is then positioned as low as possible

above the support surface so that the fingers do not contact

the surface during closing. This strategy uses the environ-

mental constraint provided by the support surface to posi-

tion the hand but does not exploit contact interactions.

Force-compliant closing: The second strategy uses

force control to establish contact of the fingertips with the

support surface and proceeds to slide the fingers along the

surface during closing, maintaining constant contact force

by compliantly repositioning the wrist (see Figure 9).

Kazemi et al. (2012) present a similar strategy; while they

control hand orientation based on force feedback, we

employ visual feedback.

The main difference between the two compared strate-

gies is that the first only attempts to come as close as possi-

ble to the surface using RGB-D information about the

scene, whereas the second maintains physical contact with

the surface throughout the whole grasp. The same environ-

mental constraint, the table surface, is exploited visually in

one and haptically in the other.

To evaluate the strategies we placed different-sized

cylinders (see Figure 10(a)) on a table in front of a seven-

degree-of-freedom whole-arm manipulator equipped with

a force-torque sensor and a Barrett Hand BH-262. All

experiments reported in this section are averaged over five

trials.

Figure 12 shows grasp success as a function of cylinder

diameter. While big cylinders could be grasped reliably

with both strategies, the grasp of smaller cylinders only

succeeded with force-based exploitation of the environmen-

tal constraint. The constant-wrist-pose strategy causes the

finger tips to hover slightly above the surface when contact

with the object is made, due to the circular trajectory during

hand closure. This insufficient exploitation of the surface

constraint leads to a reduced success rate for small-sized

objects. In contrast, the force-compliant finger closing uses

the surface constraint at all times to position fingertips as

Fig. 9. Force-compliant closing strategy with Barrett hand.
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close to the table as possible. Grasp success is not per-

fect though, as the cylinders can easily roll off the fin-

gertips. An example of this failure mode is shown in

Figure 13(a).

This experiment shows that exploiting a surface con-

straint to a higher degree can lead to more robust grasping.

4.2. Edge grasp with Barrett hand

We want to show that there are multiple environmental con-

straints that can be exploited. To achieve good grasping per-

formance in a variety of settings and for diverse objects, it

is necessary to employ the most appropriate strategy. The

multitude of available constraints also necessitates percep-

tual capabilities to distinguish situations in which one strat-

egy should be preferred over the other. To demonstrate this

point, we implemented the slide-to-edge strategy and com-

pared it to the previously presented force-compliant finger

closing.

Slide-to-edge: The slide-to-edge strategy exploits a sur-

face and an edge feature in the environment. It contacts the

object using the surface, slides it towards an edge, and

wraps the thumb around the protruding part of the object to

establish a grasp. The different phases of our slide-to-edge

strategy are illustrated in Figure 11. This strategy can also

be seen as a distinct pre-grasp interaction which reconfi-

gures the object enabling contact on parts of it that were

previously inaccessible. A similar strategy was presented in

Kappler et al. (2012), focusing on the planning of feasible

motions.

We evaluated the slide-to-edge strategy by comparing

it to the force-compliant closing strategy for different-

sized blocks (see Figure 10(b)) placed on a table as

before. For all blocks, the slide-to-edge strategy achieves

reliable performance (see Figure 12), whereas the force-

compliant strategy is only successful for flat blocks.

The slide-to-edge strategy is less sensitive to variation in

the size and weight of the blocks. The flat and wide shape

of the blocks enables the robot to move parts of them over

the edge, creating the opportunity to perform a more reli-

able grasp on the shorter side of the block. Failure cases for

the slide-to-edge strategy included wrong tracking during

the visual servoing positioning, missing object contact dur-

ing sliding, and premature thumb closing.

The force-compliant strategy succeeds when the finger-

nails jam against one of the block’s sharp edges, as can be

seen in Figure 13(b). This is achieved consistently for the

smaller blocks. For taller blocks, the fingernails do not

contact the object, leading to slip and grasp failure, as seen

in Figure 13(c). In a few cases, however, the nails caught

the object just before slipping out of the hand. While these

cases are counted as grasp success in our experiments, one

should note that the intended grasp was not achieved.

Success must be attributed to coincidence and the design

of the finger nails.

The experiment demonstrates that different ways of

exploiting environmental constraints succeed under differ-

ent conditions. It also shows that the success of exploiting

environmental constraints depends on object characteristics

in non-trivial ways. It is therefore desirable to employ a

variety of grasp strategies for which the conditions of suc-

cess have been characterized. Perceptual skills then must

classify environments according to which of the strategies’

conditions of success are met best.

5. Hands that simplify exploitation of

constraints

In this section we present our initial efforts to design hands

to simplify exploitation of environmental constraints during

grasping. If indeed exploitation of environmental con-

straints enables robust grasping, such hands should lead to

improved grasping performance. Environmental constraints

can be exploited most effectively through contact. We

therefore design hands so as to attain and maintain contact

without the need for sophisticated sensing and control. We

achieve this through the extensive use of underactuation,

passive compliance, and actuators with low apparent iner-

tia. The initial development goal of the soft hands was to

build hands that can grasp objects of uncertain shape using

only local, mechanically implementable compliance. In

hindsight, that goal is a special case of an environmental

constraint: the constraint is the surface of the object being

grasped. Many of the design decisions that enable the hand

Fig. 10. Objects used in grasping experiments.
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to use the object surface also enable the use of other envi-

ronmental constraints.

To give an indication on whether soft hands are suitable

or even helpful for implementing environmental-constraint-

exploiting primitives, we constructed three examples

(Figures 20, 21 and 22) using joint control of a seven-

degree-of-freedom Mekabot arm with fixed, scripted trajec-

tories and providing compliance by adjusting controller

impedances. We evaluated the robustness of the grasps

against specific variations of the environment.

5.1. RBO Hand 1

RBO Hand 1 (Deimel and Brock, 2013) is the first design

of a very compliant hand and is shown in Figure 14. It

employs pneumatic continuum actuators in three fingers

Fig. 11. Slide-to-edge grasp strategy with Barrett hand (see video in Multimedia Extension 1).
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Fig. 12. Comparison of the three grasping strategies.
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and has two deformable pads that form the palm. The hand

is highly robust (does not break after thousands of grasps),

can withstand blunt collisions, is inherently safe, and easy

and cheap to manufacture and repair. This hand achieves

robust grasping performance on objects with widely vary-

ing geometries, without sensing or control, simply by inflat-

ing the continuum actuators (see Figure 16; a more detailed

experimental evaluation for these objects can be found in

Deimel and Brock, 2013). We obtain these desirable proper-

ties at the expense of precise position or force control, of

for example the fingertips.

5.1.1. Surface-constrained grasp. The first environmental-

constraint-exploiting grasp implemented on RBO Hand 1

was the surface-constrained grasp (Deimel and Brock,

2013). Its steps and execution are illustrated in Figure 20,

and for a particularly difficult object in Figure 20(b). The

strategy makes extensive use of environmental constraints.

Fig. 13. Exemplary failure and success cases for the force-compliant closing strategy.

Fig. 14. RBO Hand 1 consists of a square rectangular plate on

which three pairs of PneuFlex continuum actuators are mounted

as fingers at a 30� angle. Opposing the fingers, a simple

cylindrical pad is mounted, which is made from a sheet of

rubber. The intermediate section is also padded with rubber.

Fig. 15. RBO Hand 2 consists of a flexible polyamide scaffold

on which four fingers and a palm–thumb compound are

mounted. Fingers and palm are made of PneuFlex continuum

actuators. On its backside splitters are attached to distribute air

from two actuation channels to the individual actuators.
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It uses contact between the palm and the support to level

the hand with the object. The fingers slide along the sup-

port to establish reliable contact with the object. Finally, the

fingers adapt to the shape of the object to establish a robust

grasp. These ways of exploiting environmental constraints

are facilitated by the hand’s design and do not require sen-

sing or control.

5.1.2. Edge grasp. We also implemented the slide-to-edge

grasp from Section 4.2 for RBO Hand 1, but in a simpler

version, omitting the sliding step. Its steps and execution

are illustrated in Figure 21. In the first phase, the hand’s

palm establishes contact with the edge, eliminating position

uncertainty. Subsequently, the fingers are flexed and the

fingertips establish contact with the table, achieving caging.

Fig. 17. Surface-constrained grasp. Distance measure as

indicated in Figure 20(a). Circles represent successful grasps.
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Fig. 18. Slide-to-edge grasp. Distance measured horizontally

from lower edge of palm plate to closest object surface. Circles

indicate successful grasps.

Fig. 16. Different objects that can be grasped with RBO Hand 1.
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The hand rotates about the edge/palm contact to ensure

contact between the fingers and the support surface, while

the compliant fingers slide along the support surface until a

grasp is established. Finally, the hand retracts from the edge

at an angle of 15�, lifting the fingertips from the surface

and detaching the palm from the edge at the same time.

5.2. RBO Hand 2

The latest iteration of hand design is a prototype of an

anthropomorphic hand (Deimel and Brock, 2014), shown

in Figure 15. It has seven individual PneuFlex continuum

actuators, one for each finger, and two curved ones making

up the palm. The palm and fingers of the hand are mounted

on a flexible, printed scaffold, which augments their com-

pliance and lowers forces on impact. The actuated palm

results in a dexterous thumb, but also provides a compliant

pad to grasp against. The scaffold is stabilized by flexible

connections between fingers and palm. RBO Hand 2 shares

the same actuator technology as RBO Hand 1, but its fin-

gers are designed to be approximately four times stronger

and have a linearly decreasing impedance instead of a con-

stant one along the fingers. The hand is capable of enacting

31 out of 33 grasps of the Feix grasp taxonomy using only

four actuation signals by relying on its mechanical compli-

ance (Deimel and Brock, 2014).

A big advantage of both hand designs is that the most

exposed parts contain no rigid components able to concen-

trate forces. It is therefore very safe. Errors usually do not

lead to catastrophic failure as fingers and palm can comply

in every direction. The low inertia of the PneuFlex conti-

nuum actuators also facilitates fast collisions without exces-

sive, damaging contact pressures. Additionally, the low

actuator impedance and fast response on disturbances help

Fig. 20. Surface-constrained grasp with RBO Hand 1 (see video in Multimedia Extension 1).
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to maintain contact with surfaces during hand motion.

These properties greatly simplify the implementation of

environmental-constraint-exploiting primitives.

5.2.1. Slide-to-wall grasp. For RBO Hand 2 we implemen-

ted a strategy that uses walls: a constraint that can be found

as part of bowls, drawers, shelves and boxes. The strategy’s

steps and execution are illustrated in Figure 22. The slide-

to-wall grasp exploits the corner created by two surfaces in

addition to the two surfaces themselves. In the slide phase,

the robot lowers the wrist until it touches the table. It drags

its fingers across the surface to slide the object into the cor-

ner to finish the slide phase. The object is now caged from

four sides by table, fingers, wall, and gravity. We then

reorient the hand by first unloading the fingers (backward

motion), and rotating approximately around the fingertips.

As the motions are executed using joint space interpola-

tion, the fingers may compensate for resulting positioning

errors with bending. Then, the hand is moved compliantly

against the wall to slip the fingers under the object, which

is constrained in horizontal motion by the wall. This phase

effectively replaces the table constraint with the fingers.

Then, the fingers and palm are inflated slightly (approxi-

mately 15% of final actuator pressure), and the hand is

rotated to create a cage with the wall. The fingers are fully

flexed to grasp the object. This last step is similar to the

surface-constrained grasp shown in Figure 20(a), but with

gravity being oriented differently.

5.3. Robustness under uncertainty

Exploitation of environmental constraints should lead to

successful grasps in a broad range of situations. By ‘out-

sourcing’ the interaction into hardware with accompanying

motion primitives, the robot does not need to perceptually

distinguish between situations where the same action yields

the same outcome. Therefore, robustness and predictability

of environmental-constraint-exploiting primitives against

variations also directly simplify perception and planning.

To evaluate robustness of the hand designs and accom-

panying grasping strategies, we mapped grasp success

against several grasp-relevant parameters: object shape,

object size, object placement, and environmental constraint

placement.

Object shape: In previous work, we demonstrated the

ability of RBO Hand 1 to grasp a diverse set of objects of

comparable size (see Figure 16) (Deimel and Brock, 2013).

Here the many compliant degrees of freedom of the hand

are used to adapt to the surface shape of the object. Figure

16 also shows that RBO Hand 1 is able to grasp deform-

able objects often considered hard to grasp, such as tissue

or a water balloon. The intrinsic compliance can adapt to

shape changes without the need for continuous shape

Fig. 21. Edge-grasp strategy with RBO Hand 1 (see video in Multimedia Extension 1).
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perception. In accordance with these initial findings, RBO

Hand 2 was also shown to be able to grasp many differ-

ently shaped objects (Deimel and Brock, 2014). Compliant

actuation has also been successfully used by the SDM

hand (Dollar and Howe, 2010) and the positive pressure

gripper (Amend et al., 2012) to automatically adapt to

diverse object shapes.

Object placement: In two experiments, we measured

robustness of the strategies when objects are displaced from

their expected position. For both experiments we used the

set of cylinders shown in Figure 10(a). The set of blocks

from Figure 10(b) used in the experiments with the Barrett

hand in Section 4 cannot be grasped by RBO Hand 1 due

to limitations in actuation and hand aperture. Objects were

displaced along one axis in 12 (10) 20 mm increments,

using nine different cylinder sizes, for a total of 108 (90)

trials for the surface-constrained (slide-to-edge) grasp. To

create a dense spatial coverage with a feasible number of

experiments, every combination of object placement and

size was sampled only once.

The results of these experiments are shown in Figures

17 and 18. Both strategies achieved grasp success in large

and contiguous areas of the explored parameter space. For

graspable objects, displacements can vary in large ranges

due to the exploitation of environmental constraints in the

various steps. Consistent grasp success under significant

variations in object placement is a strong indication for the

robustness of constraint exploitation facilitated by the hand

design. Note that the hand does not use sensing or control

to achieve this grasping performance.

Object size: The tolerance of the two tested grasps to

changes in cylinder diameter can also be extracted from

Figure 17 and Figure 18. Objects larger than 75 mm cannot

be grasped, as the hand’s fingers are not able to reach

around far enough to create force closure. For small objects,

the edge grasp is superior to the surface-constrained grasp,

which only works for cylinder diameters above 16 mm. As

with object placement, object size can vary considerably

without affecting grasp success, making the grasps robust

and predictable.

The results in Figures 17 and 18 also show that different

grasps are successful under different conditions. The

surface-constrained grasp requires cylinders to be at least

22 mm in diameter, whereas the edge grasp requires the

presence of an edge within about 100 mm of the object.

This confirms the results from Section 4.2 and emphasizes

Fig. 22. Slide-to-wall grasp strategy with RBO Hand 2 (see video in Multimedia Extension 1).
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the necessity of employing multiple strategies in response

to the specific grasp problem.

Constraint placement: To be able to robustly execute a

constraint-exploiting action, for the environmental-con-

straint-exploiting primitive it is also necessary to tolerate

uncertainties in the placement of environmental constraints

themselves. In the third experiment, we evaluated the influ-

ence of wall direction on the slide-to-wall grasp by varying

the angle between the two surfaces exploited as environ-

mental constraints. While most walls are vertical, some are

not, such as the walls of some bowls and boxes. The grasp

sequence was initially constructed using a wall at a 60�

angle. During the experiment, the wall angle was changed

from a = 40� to a = 90�, in 10� increments and tested 10

times. After that, the two interesting border regions were

identified and two additional angles were tested to increase

resolution for a total of 80 grasps.

The results are shown in Figure 19. The grasp could be

successfully executed without any adaptation of the actua-

tion, in a large range of wall orientations, from approxi-

mately 45� to 90�. Larger angles could not be tested,

because the wrist collided with the wall constraint during

the slide motion. Larger angles would have increased the

deflection and result in a larger force by the joint control-

lers. To avoid damage to the arm, angles larger than

a = 90� were not tested and should be considered unsuc-

cessful. Even then, the grasp can tolerate large changes in

the orientation between the two required surfaces, which in

turn lowers the difficulty of sensing the presence of the

required environmental constraints.

6 Conclusion

The work presented in this paper describes the early stages

of an integrated research agenda in robotic grasping. This

agenda combines the study of human grasping to identify

strategies and principles leading to their competencies with

the transfer of these principles to robotic grasp planners as

well as to robotic hand design.

Informed by a growing body of research in robotic

grasping, we formulated the premise that robust and reli-

able grasping must exploit environmental constraints dur-

ing the grasping process. In support of this premise, we

presented experiments showing that humans respond to

increased difficulty in the grasping problem by increasing

the exploitation of environmental constraints. We believe

that the study of human exploitation strategies will provide

important insights into how robotic grasping algorithms

can achieve robust grasping performance.

Following these insights, we presented several such strate-

gies on three different robot platforms. Each of the strategies

was tailored to exploit constraints commonly present in real-

world grasping scenarios. We demonstrated the success of

constraint exploitation in real-world grasping experiments.

Finally, we demonstrated the utility of designing hands

to facilitate the exploitation of environmental constraints by

presenting two types of mechanically compliant and highly

deformable hands. Both hands robustly grasp objects of

varying sizes and shapes, without the need for explicit force

sensing or feedback control, and make collision and inter-

action with the environment simple to implement.

Viewed collectively, the experimental results on human

and robotic grasping presented in this paper provide

strong support for the view that the ability to exploit envi-

ronmental constraints is a crucial component in the devel-

opment of competent robotic grasping and manipulation

systems.
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Appendix: Index to Multimedia Extension

Archives of IJRR multimedia extensions published prior to

2014 can be found at http://www.ijrr.org, after 2014 all

videos are available on the IJRR YouTube channel at http://

www.youtube.com/user/ijrrmultimedia

Table of Multimedia Extension

Extension Media type Description

1 Video Demonstrations of environmental
constraint exploiting grasping
strategies
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