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Abstract: In this study, adaptive pincer grasping of soft pneumatic grippers (SPGs) is considered,
and we propose how the performance of soft pneumatic actuators (SPAs) and the stiffness of grasped
objects can be accounted for in modeling and control. The grasping kinetics was analyzed. The con-
nection between grasping quality and SPA performance is discussed. We also devised a subjective
definition of grasping quality due to SPA performance. A modeling technique was established, which
makes dominant factors of grasping quality due to the SPA performance predictable over the gripper
input. Later, a control architecture was developed. This architecture demonstrates how the grasping
is implemented. The modeling technique was used to forecast grasping quality due to the SPA
performance and its factors. An experiment was conducted to obtain actual results. The predicted
and actual results were correspondingly compared. The results show minute deviation, thereby
validating the reliability of the grasping. This study clarifies the association between grasping quality
and SPA performance and contributes an advancement toward modellable and controllable task-level
variables, such as grasping quality, in SPG pincer grasping.
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1. Introduction

The gripper is one of the most common parts of robotic systems [1,2]. The main responsibil-
ity of grippers is to conduct grasping as the hands of the systems [3,4]. Grasping essentially
leads to physical interaction between the systems and their environment, which is re-
quired to make the systems capable of mechanically manipulating objects [5-7]. Nowadays,
available grippers can be categorized into a variety of types [8].

Soft robotics, a branch of robotics in which robots are structurally deformable, is
currently gaining considerable attention globally [9,10]. This concept has been applied to a
new group of grippers, called soft grippers. One of the widespread types of soft grippers
is soft pneumatic grippers (SPGs). SPGs basically comprise two or more soft pneumatic
actuators (SPAs). The main advantageous feature of SPAs is that their intrinsically flexible
structures can provide admirable compliance, making SPGs able to grasp a variety of objects
using simple gripper control [11-13]. Meanwhile, a main concern of operating SPAs is that the
SPA structures have infinite degree of freedom (DOF) with nonlinear characteristics [14-16].
This concern leads to a significant challenge in the modeling and control of either SPAs or
SPG grasping. Countless state variables are theoretically required to determine, examine,
and handle the modeling and control.

The abovementioned complication has led the modeling and control of SPAs to become
a main category of studies in soft robotics [17]. Suzumori et al. [18] pioneeringly proposed
an empirical model of SPAs. Godage et al. [19] presented an analytical model of variable-
length SPAs. Polygerinos et al. [20] proposed an analytical model and the feedback control of
fiber-reinforced SPAs with rectangular, hemicircular, and circular shapes. Gerboni et al. [21]
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demonstrated feedback control using commercial flex sensors of SPAs. Hao et al. [22] devel-
oped an analytical model of amphibious SPAs. Wang and Hirai [23] proposed an analytical
model of SPAs with parametric identification. Elgeneidy et al. [24] presented empirical mod-
els and model-based feedback control of SPAs. Hainsworth et al. [25] proposed analytical
and empirical models of multi-material SPAs with their feedback control. Abbasi et al. [26]
established an analytical model and feedforward control in the position and force of SPAs.
Tian et al. [27] proposed an analytical model of fibrillar adhesive SPAs. Ibrahim et al. [28]
presented an analytical model and observer-based feedback control of SPAs. Despite the
presence of them, the modeling and control in such works only concerns actuator-level
variables, such as bending angle and blocking force.

Previously, grasping quality was introduced to indicate the subjective satisfaction and
outcome of grasping [29]. While its exact physical definition is still unclear, it is certainly a task-
level variable. Most studies on grasping quality investigate grasping synthesis of mechanical
grippers in the aspect of grasping stability [30,31]. In this consideration, the motion and force
transformation between the actuator and task space is essential. Some sources also imply
that grasping quality correlates with many other factors, such as gripper performance, ma-
nipulator motion, and geometrical compatibility [32]. With the comprehensive associations
between grasping quality and these factors, grasping quality should be accurately mod-
eled and controlled. Nevertheless, the exact number of factors has never been concluded.
While the factors cannot be completely accounted for, the separate effects of each factor on
grasping quality still can be examined to continue the approach toward modellable and
controllable grasping quality.

A study on grasping quality in SPG grasping is rarely found. The work of Park et al. [33]
highlights that the motion and force transformation is necessary in the consideration of
grasping quality, and SPA performance is one of the impactful factors on grasping quality in
SPG grasping. Studies on the associations between SPA performance and grasping quality
should contribute to the development of the modeling and control of grasping quality in
SPG grasping. Motion and force variables in existing models of SPAs cannot be simply
translated into the task space, mainly due to the constant-curvature condition applied in
the modeling process [34-37]. The connection between SPA performance and grasping
quality is, hence, currently incomplete.

Adaptive SPG pincer grasping based on object stiffness is presented in this work. In the
proposed grasping, SPA performance is considered at both actuator and task levels. The associ-
ations between grasping quality and SPA performance in SPG pincer grasping are also clarified
here. The major demanding issue in this work is the modeling and control of SPG grasping.
The main contribution of this work is advancing the development toward modellable and
controllable task-level variables, such as grasping quality, in SPG pincer grasping.

2. Materials and Methods
2.1. Pincer Grasping of SPG

Pincer grasping is plainly a kind of grasping, where grippers squeeze objects with their
fingertips. In SPG pincer grasping, the objects are pressed by the ends of SPAs (Figure 1a).
The interaction between the SPAs and objects is a mysterious issue that must be clarified
to accomplish the transformation of motion and force between the actuator and task
space. There are numerous factors in the interaction. To analyze the interaction due to SPA
performance, the effects of other factors must be decoupled. The analysis then proceeded
under the assumption that the effects of other factors can be ignored. Under this assumption,
we proposed that the exerted force of SPAs on a grasped object, denoted by Fg (Figure 1b),
equals the withstanding force of the object on the SPAs, denoted by Fs (Figure 1c), as follows:

Fs = Fo 1)
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Figure 1. (a) SPG pincer grasping and the gaps between SPAs and a grasped object; (b) deformation
and withstanding force on an SPA; (c) deformation and exerted force on a grasped object.

The force transformation is then achievable using Equation (1). According to the
geometrical constraint, the deformation of the SPAs, denoted by Js (Figure 1b), can be
considered equivalent to the summation of the deformation of the objects due to Fp,
denoted by d¢ (Figure 1c), and the gap distance between them, denoted by G (Figure 1a),
as follows:

bs =60+ G, 2)

Equation (2) allows us to implement the motion transformation but is applicable only
when the SPAs behave similarly throughout grasping. In cases when the SPAs nonidentically
perform, the motion transformation should be proceeded with another correlation.

At the actuator level, the modeling of SPAs has been extensively studied. The most
widespread approach to handle the infinite-DOF structures of SPAs has been exploiting the
combined effects of local joints to represent the SPA configurations. Many models of SPAs
in which the SPA configurations are represented by curvature angle have been elaborated
and presented under the condition of constant curvature. Nevertheless, SPAs inconsistently
curve along their length in SPG pincer grasping. A new concept of SPA modeling is therefore
needed as part of the modeling of SPG pincer grasping. Equation (2) encourages us to employ
ds to represent the SPA configurations. The equation of motion implies that we can initiate
an SPA model as follows:

os = f (5& ds, Fs, Ps>, 3)

where Ps denotes the input pressure of the SPA. Both 55 and 55 are the derivatives with
respect to time of Js, and f denotes a nonlinear function due to the SPA nonlinear char-

acteristics. Equation (3) demonstrates that 35 depends on Js, 55, Fs, and Ps. The SPAs are
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mainly in their steady state throughout grasping. Hence, b5 and ds tend to be negligible.
Equation (3) can be then revised as follows:

Ozf((SS/FS/PS) 4)

Equation (4) indicates that dg is repeatable under the identical conditions of Fs and Ps
at the steady state.

2.2. Grasping Quality

Grasping quality, denoted by Q, is essentially a kind of matrix containing parame-
ters of grasping satisfaction and outcome. The dimension of Q and its components are
fundamentally subjective according to individual requirements. Different parameters and
indexation can be employed to determine the physical definitions of Q. The dependence
on the subjectivity of Q made a discussion of indexation beyond the scope of this study.
However, it is well known that there are countless factors of Q. The mathematic expression
of Q can be then written as a matrix function as follows:

Q:P(QllQZI"' /Qn)' (5)

where Q;.denotes Q due to each factor. The understanding of Q; will advance the oppor-
tunity of modeling and controlling Q. We focus on Q due to SPA performance, denoted
by Qs, in this work. From our observation, contact area and squeezing force are the most
obvious factors of Qg. In pincer grasping, contact area is empirically dominated by do,
and squeezing force is Fp by its definition. In this sense, Qg is a function of ép and Fp
as follows:

Qs = G(do, Fo). (6)

Equation (6) illustrates that Qg can be controlled once dp and Fg are intentionally
programmable, and it also highlights that there is no specific physical definition of Qg.
Additionally, the factors of Qg can be further added.

2.3. Modeling Technique

The modeling technique allows us to systematically forecast Qg through ép and Fo.
The stiffness of an object, denoted by ko, is utilized in this technique. The correlation
between dp and Fg is governed by ko as follows:

Fo = kodo. (7)

Basically, ko is almost constant for rigid objects and decreases over dp and Fp for soft
objects. Equations (1) and (2) reveal that both ép and Fp in Equation (7) can be replaced by
és and Fs, respectively, as follows:

Fs = ko(ds — G). 8)

Equation (8) shows that kg significantly influences ds and Fs throughout grasping. We
suggest that ds and Fg over Ps can be forecast by solving Equations (4) and (8) together. The
result of solving Equation (4) can be represented as performance curves, and the result of
solving Equation (8) can be demonstrated as a stiffness curve. The solid lines in Figure 2
demonstrate the performance curves, and the dashed line in the same figure asymptotically
illustrates the stiffness curve. Once we plot these curves on the same chart, the obtained
intersections predictively indicate s and Fs at particular conditions of Ps (Figure 2). The dis-
crete results are then able to become continuous as ds and Fs over Ps using linear interpolation.
Afterwards, do and Fo over Ps can be obtained using Equations (1) and (2). Finally, Qg
over Ps is forecastable using Equation (6).
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Figure 2. A modeling technique of adaptive SPG pincer grasping based on object stiffness.

The proposed technique requires SPA performance curves. Nevertheless, solving
Equation (4) is challenging. No standard analytical method is available for this purpose.
We accordingly conducted an empirical inspection to acquire SPA performance curves for
comprehensive demonstration. Two identical industrial SPAs, the operating Ps of which
ranges from —-100 to 100 kPa., were employed in this inspection. The inspection proceeded
using an experimental setup shown in Figure 3. The components of the setup included a
motorized stage, load cell, and air supply. One of the SPAs was vertically hung, and the
load cell was propelled in horizontal to adjust the limit of ds. The air supply was executed
to provide Ps. Once the SPA reached its steady state, Fs was measured with the load cell.
These procedures were iterated until Fs was obtained under all conditions of g and Ps. The
designated conditions of dg ranged from 0 to 8 mm with 200 um intervals, whereas those of
Ps ranged from 10 to 100 kPa with 10 kPa intervals. The SPA was subsequently replaced by
the other, and the whole process was repeated. The comparable results of both SPAs were
averaged. Finally, the SPA performance curves were plotted.

(a) (b)

SPA

Load \
cell '

Screw . Stepper
nut motor —
=T el

Figure 3. An experimental setup for acquiring SPA performance curves: (a) schematic and (b) photo-
graph.

Besides SPA performance curves, an object-stiffness curve is essential in this technique.
An empirical investigation for an object-stiffness curve was then initiated. The specimen
object was a flexible 3D-printed object with a cylindrical shape. The investigation was imple-
mented using an experimental setup shown in Figure 4. The setup comprised a motorized
stage, load cell, and bumper. By moving the load cell, 5o was varied. Once the object was
steadily squeezed, Fp was measured with the load cell. This procedure was iterated until Fo
at all designated conditions of o was obtained. The designated conditions of Jg ranged from
0 to 5 mm with 100 um intervals. The object-stiffness curve was finally plotted following
result collection.
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Figure 4. An experimental setup for investigating an object-stiffness curve: (a) schematic and
(b) photograph.

2.4. Control Architecture

The control architecture was elaborated to accommodate desirable Qg, denoted by Q.
It is essentially an open-loop architecture (Figure 5). First, Qg is required to be indexed in
the basis of preferable do and Fo, sequentially denoted by ¢, and Fj. The indexation of
Qg is the key in this step, but it is not within the scope of this work due to its subjectivity.
Further studies on indexation are required to fulfill this architecture. Afterwards, suitable P
for &y, and F; is acquired using models produced using the presented modeling technique.
Then, Ps is supposed to be applied on SPAs. Both dg and Fs are conducted. If the SPGs and
grasped objects are in an appropriate position, pincer grasping is performed, and dp and Fp
are produced on the objects. Finally, Qg is obtained. As an open-loop control architecture,
accurate models at both actuator and task levels give more precise Qs.

Interaction

|

8o
Fo

|

model

SPG

Grasped

object

Quality

indexation

Qs

Ps

i

50]
Fs

Fo

Figure 5. A control architecture of adaptive SPG pincer grasping quality based on object stiffness.

2.5. Validation

Equation (6) shows that there is no exact physical definition of Qg. The first step of
validation is defining Qg. We decided to define Qg as the multiplication product of éo and
Fo. Thus, Qg correlates to the elastic energy stored in grasped objects. The mathematic
representation of Qg can be written as follows:

Qs = Fodo. )

Equation (9) was used to compute Qg from dp and Fo. We set the testing conditions
of Ps ranging from 25 to 85 kPa with 20 kPa intervals. The modeling technique was next
implemented to forecast o, Fo, and Qg over Ps. The forecast results at the specified conditions
were considered as 6(;, F};, and Qg, respectively. Practical grasping was also implemented to
observe actual Qg under the same condition of Ps, using an experimental setup shown in
Figure 6. The main components of the setup included a binocular camera and air supply.
The air supply was executed to provide Ps. Once the grasping became steady, stereo images
of the SPG and object were captured using the binocular camera. Image processing and
computer vision were utilized to determine Jp from the images. Afterwards, the object-
stiffness curve was used to obtain Fp from the determined values of g. The actual results
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of Jp and Fo were employed to calculate Qg. The deviation of Q’s from Qg, denoted by
AQg, was exploited as the main criterion of the validation. It can be mathematically written
as follows:

AQg = Q5 — Qs. (10)

(a)

Figure 6. An experimental setup for observing adaptive SPG pincer grasping: (a) schematic and
(b) photograph.

The deviations of J(, and F/, denoted by Ady and AF),, respectively, were also valida-
tion criteria. Their mathematical representations are similar to Equation (10).

3. Results and Discussion

The first obtained results were the SPA performance curves (Figure 7). Each performance
curve reveals the correlation between ds and Fg at a specific condition of Ps. The perfor-
mance curves reveal that Fg experienced an almost linear decrease, while Jg increased at
every single condition of Ps. Both 5 and Fs were amplified when Ps increased. Moreover,
the decrease of Fg with respect to ds was invariant when Ps increased. The maximum value
of Fs was 2.225 N when g and Ps were at 0 mm and 100 kPa, respectively. The curvature of
the SPAs was constant along their length when Fs was low and varied in larger magnitude
when Fgs became greater, during the inspection process. This phenomenon remarks the
necessity of a new concept of SPA modeling.
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Figure 7. Performance curves of an SPA, a stiffness curve of an object, and primary prediction
deformation and force of SPG pincer grasping on the object.

A stiffness curve of the specimen object was the next result collected (Figure 7).
The investigation results illustrate that ko parabolically declined, from 1.213 N/mm to
260 mN/mm, when g and Fp increased.

The performance and stiffness curves were used to forecast do, Fo, and Qg over Ps. The
intersections in Figure 7 predictively indicate dg and Fs at the SPA-inspection conditions of
Ps. Afterwards, o, Fo, and Qg in the same conditions were achieved. Linear interpolation
subsequently converted the discrete results into continuous dg, Fo, and Qg over Ps ranging
from 10 to 100 kPa (Figure 8a,c,e). Afterwards, 56, Pé, and Q’S were determined from
the prediction results. The validation experiment was then completed. The actual results
of 5o, Fo, and Qg were obtained (Figure 8a,c,e). The predicted and actual results had a
similar trend in the comparable aspect. Next, Adp, AFp, and AQg at the testing conditions
of Ps were acquired (Figure 8b,d,f). The comparison results show that Adp and AFo were
below 464 um and 410 mN, respectively. Furthermore, AQg was under 451 pJ. Small
results of Adp, AFp, and AQg proved that Qg can be reliably modeled and controlled.
The proposed modeling technique and control architecture is credible. These findings
clarify the association between Qg and Ps and, moreover, advance the development toward
modellable and controllable Q.
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Figure 8. Results of SPG pincer grasping on an object: (a) deformation of the object; (b) deviation in
deformation; (c) exerted force on the object; (d) deviation in force; (e) grasping quality due to SPA
performance; and (f) deviation in grasping quality due to SPA performance.

4. Conclusions

Adaptive pincer grasping of SPGs based on object stiffness is presented in this study.
The main goal of this study was to clarify the association between grasping quality and
SPA performance. SPA structures have infinite DOF, so the clarification is certainly not
straightforward. We ignored the effects of other factors on grasping quality and focused only
on grasping quality due to SPA performance. A modeling technique and control architecture
were presented for the implementation of the proposed grasping. A validation of the estab-
lished methods was conducted to evaluate their reliability. The validation results show
that grasping quality correlates to the input air pressure of SPAs. The same results also
reveal that grasping quality due to SPA performance is modellable and controllable using
the established methods. These findings proceed the advancement on the modeling and
control of grasping quality in SPG pincer grasping. This is a novel study of substantial
duration that considers this issue. Further study on the correlations between grasping
quality and other factors is strongly recommended. Therefore, grasping quality is expected
to be modellable and controllable when the effects of all significant factors are determined
and accounted for in its comprehensive modeling and control.
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