™

Check for
updates

Multi-Objective Topology Optimization and
PID-Controlled Grasping of Compliant Fingers
for Parallel Robotic Grippers

Gidugu Lakshmi Srinivas, Pataki Abel Endre, Hasanaj Dea, and
Mathias Brandstotter

ADMIRE Research Center, Carinthia University of Applied Sciences,
Europastrafle 4, Austria,
{l.gidugu,m.brandstoetter}@cuas.at,

WWW home page: http://www.admire.center

Abstract. Adaptive grasping of objects with varying geometry remains
an important problem in robotic manipulation. Although compliant Fin-
Ray-inspired fingers provide better passive adaptation than rigid grip-
pers, the combined design of lightweight finger topology and controlled
force interaction is still limited in many practical parallel gripper sys-
tems. This paper presents a topology-optimized compliant finger de-
sign together with a PID-based force control framework for a parallel
robotic gripper. The finger was modeled with an inner triangular de-
sign region and an outer non-design frame, and density-based structural
optimization was performed in ANSYS Workbench using the Sequen-
tial Convex Programming solver. The optimization objective combined
maximization of directional deformation in the desired wrapping direc-
tion with minimization of equivalent von Mises stress, while a mass
constraint of 15 g was imposed to match the reference Fin Ray fin-
ger. The structural model was analyzed under a fixed support at the
mounting face and a distributed load of 10 N at the selected contact re-
gion. The optimized density result was subsequently reconstructed into
a printable three-dimensional finger geometry using SpaceClaim with
manufacturing-aware post-processing. In addition, a PID-based force
control strategy was formulated using a second-order servo approxima-
tion and real-time force feedback from a SingleTact sensor. A dedicated
experimental test bench was developed for comparative grasping tests.
Grasping experiments were conducted using an orange at 10 N and 3D-
printed cylinder and sphere objects at 5 N, with ten repeated trials for
each condition. The optimized finger improved the wrapping angle by
9.5%, 12.3%, and 28.7% for the orange, cylinder, and sphere, respec-
tively, compared with the reference Fin-Ray finger. The study provides a
practical design, control, and validation workflow for compliant robotic
fingers and demonstrates improved object-contact coverage for the opti-
mized design under the tested grasping condition.
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1 Introduction

Robotic grasping is an important function in industrial automation, service
robotics, and handling of delicate products. However, rigid grippers usually re-
quire accurate positioning and often show limited adaptability when the object
shape, local stiffness, or contact condition changes. Bio-inspired soft robotics
was introduced to address this limitation by using structural compliance for
safer and more adaptive physical interaction [6]. The broader development of
soft robots has shown that material compliance can support both safe contact
and simplified mechanical behavior in manipulation tasks [7]. Reviews of soft
manipulators and grippers further indicate that compliant gripping concepts are
especially suitable for uncertain and fragile objects, where passive adaptation
and larger contact area are required [3,9].

Among compliant gripping concepts, the Fin-Ray effect has received signifi-
cant attention because the finger bends toward the applied transverse load and
wraps around the contacted object [2]. This behavior has been studied further
through analytical and numerical models that explain how the finger geome-
try influences deformation and load transfer [8]. Fin-Ray-inspired grippers with
embedded sensing and force feedback have also demonstrated improved grasp
monitoring and safer interaction with the object [15]. More recent work on 3D-
printed Fin-Ray fingers has shown that lightweight redesign can improve mate-
rial efficiency while maintaining useful grasping behavior [12]. At the same time,
structural studies have confirmed that wrapping performance is strongly affected
by the internal rib arrangement and by the load case used during evaluation [13].

To improve such structures in a systematic manner, topology optimization
provides a direct way to distribute material inside a prescribed design domain
according to defined objectives and constraints [1]. Its application to compli-
ant mechanism synthesis is well established, beginning with early topology opti-
mization methods for compliant motion generation [10]. Later reviews have sum-
marized the main continuum-based formulations and design objectives used for
compliant structures [17]. In the context of Fin-Ray-inspired fingers, recent stud-
ies have considered multiple load cases, lightweight redesign, and multi-material
adaptive layouts to improve grasping performance under different object-contact
conditions [5, 11]. Related work has also shown that sensing-aware finger design
is important when structural compliance and grasp-force estimation must be ad-
dressed together [16]. Soft robotics studies have shown that compliant structures
improve safe and adaptive interaction in uncertain environments [14]. Related re-
view work further highlighted the value of bio-inspired soft systems for grasping
irregular objects and simplifying mechanical design in manipulation [4].

The main contributions of this paper are as follows. First, a manufacturable
topology optimization workflow is presented for a compliant Fin-Ray-inspired
finger using ANSYS Workbench with explicit design and non-design regions.
Second, the optimized density result is converted into a printable 3D finger ge-
ometry through SpaceClaim-based design-to-manufacture reconstruction. Third,
a PID-based force control framework is integrated with the compliant finger de-
sign and validated through preliminary grasping experiments on a real object.
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2 Methodology

2.1 Topology optimization method

In this work, the conventional Fin Ray finger geometry was used as the starting
reference for topology optimization. To define a manufacturable design problem,
the original internal rectangular ribs were removed and replaced by a solid inner
triangular region that served as the design domain. The outer triangular frame of
the finger was preserved as a non-design region in order to maintain the original
external envelope, contact contour, and mounting compatibility. In addition,
the top mounting region associated with the screw connection and the local
contact region corresponding to the object-touching surface were excluded from
the design domain.

The optimization model was prepared in Rhino 8 and imported into ANSYS
Workbench. A density-based topology optimization approach was then applied in
the Structural Optimization module. The inner triangular core was defined as the
design region, whereas the outer frame, the mounting zone, and the contact patch
were treated as exclusion regions. The material redistribution was restricted to
the interior of the finger while preserving the functional outer boundary.

A static structural analysis was first established to define the loading and
boundary conditions. The finger was fixed at the upper mounting face, which
represents the screw-supported connection to the gripper body. A distributed
load was applied on the predefined contact patch located on the grasping side of
the finger, corresponding to the region where the finger interacts with the object
during grasping. This loading arrangement was selected to reproduce the defor-
mation mode required for adaptive wrapping. The material interpolation in the
topology optimization was represented using a density-based SIMP formulation,
in which the elastic modulus of each element is expressed as

Ee(pe) = Ernin + Pg (EO - Emin) 5 (1)

where pe € [pmin, 1] is the elemental density variable, Fy is the Young’s mod-
ulus of the solid material, F,;, is a small stiffness assigned to void-like elements
to avoid numerical singularity, and p is the penalization factor. In the present
work, a penalization factor of p = 3 was used. To promote a compliant response
while avoiding excessive local stress, a multi-objective formulation was adopted.
The first objective was defined as the maximization of the directional displace-
ment at the contact region, specified in ANSYS through a primary criterion. The
second objective was the minimization of the equivalent von Mises stress. Since
the optimization algorithm operates in a minimization framework, the displace-
ment objective was introduced with a negative sign. The normalized objective
function can therefore be written as

min J(p) = wr (“(p)) +ws <°”“(”)> : (2)

P Ue,0 Ovm,0
where u, is the directional displacement at the selected contact region, oy,
is the equivalent von Mises stress, u¢,o and oym o are the corresponding reference
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values obtained from the baseline design, and w; and ws are the weighting factors
used in the normalized-sum objective definition. The optimization problem was
subject to a mass constraint in order to ensure a fair comparison with the original
Fin Ray finger. The constraint is expressed as

m(p)

<1
<, 3)

where m(p) is the mass of the optimized design and my is the mass of the ref-
erence finger. In the present implementation, the weighting factors were selected
as w; = 0.70 and wy = 0.30. A higher weight was assigned to the directional-
displacement term because the main functional requirement of the finger is adap-
tive wrapping around the object. The stress term was retained with a lower but
nonzero weight to avoid highly localized deformation and to maintain a struc-
turally continuous printable load path. The same weighting values were used for
all optimization runs reported in this work. In addition, the density variables
satisfy

Pmin S Pe S 1. (4)

The optimization was performed in ANSYS Workbench using the density-
based topology optimization option with the Sequential Convex Programming
solver. The optimization settings included a maximum iteration count of 500,
a minimum normalized density of 1073, a convergence accuracy of 0.1%, and a
program-controlled density filter. After completion of the optimization, the re-
sulting density distribution was interpreted and converted into a smooth print-
able geometry. During this post-processing stage, disconnected features and very
thin members were removed, sharp transitions were blended, and the final lay-
out was rebuilt as a manufacturable solid model while preserving the non-design
outer frame and mounting features.

2.2 PID-based force control and controller tuning

To achieve controlled grasping with compliant fingers, a PID-based force control
strategy was implemented using real-time feedback from the SingleTact force
sensor. The servo actuator was represented by a second-order approximation of
its closed-loop position dynamics, which provides a practical model for controller
design under small to medium motion conditions. Based on the manufacturer
specification of a settling time of 75 = 0.14s for a 60° motion at 4.8V, and
assuming near-critical damping (¢ = 1), the natural frequency was estimated as

4 4

Wy = T "0 28.57rad/s. (5)

Accordingly, the servo dynamics were approximated by the transfer function
2 816.24

Gls) = gty = (6)

s2 + 20wy s + w2 s2+57.14s + 816.24°
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The gripping force was regulated by the PID control law

¢
de(t
u(t) = Kpe(t) + Ki/ e(r)dr + Ky Z(t )7 (7)
0
where wu(t) is the control input to the servo actuator and
e(t) = Fret(t) — Fn(t) (®)

denotes the force tracking error between the reference gripping force Fief and
the measured force Fy,.

The controller parameters were obtained in MATLAB using the pidtune
function with a crossover frequency selected close to the identified natural fre-
quency in order to achieve a stable and sufficiently fast response. The final
controller gains were selected as

K, = 1.5538, K; =32.7129, K4 =0.018. 9)

The measured force was calculated from the sensor output after zero-offset
correction according to

D — Dyg
Fn =513

where D is the digital sensor output, Dy is the baseline output obtained
during calibration, and Fiateq is the nominal force range of the sensor. The con-
troller output was mapped to the admissible servo angle range, and the control
loop was executed with a sampling period of 100 ms. This approach enabled di-
rect regulation of the gripping force during object interaction while remaining
suitable for implementation on the embedded control hardware.

Fratcd7 (10)

2.3 Experimental setup

A dedicated experimental test bench was developed to evaluate the grasping
behavior of the compliant fingers under controlled loading conditions, as shown
in Fig. 1. The setup consists of two opposing grippers mounted on a spindle-
driven mechanism that moves the fingers symmetrically toward the object. The
supporting structure was assembled from modular aluminum profiles, while the
mounting and connection components were fabricated by additive manufacturing
to simplify alignment and replacement of the test fingers.

The force-control procedure used in the setup is summarized in Algorithm 1.
At the beginning of each test, the communication interfaces, actuator, and force
sensors were initialized. The force sensors were then calibrated to determine
the zero-offset values before grasping. During operation, the sensor signals were
read continuously, converted into force values, and used to compute the average
gripping force. The PID controller then updated the actuator command until the
predefined target force was achieved. In the present study, the setup was used to
compare the reference Fin-Ray finger and the optimized finger using three test
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Algorithm 1 Closed-loop force-controlled grasping procedure
Initialize actuator, controller, and communication interfaces
Calibrate force sensors and store zero-offset values
Set desired gripping force
while grasping test is active do

Read force sensor signals

Convert sensor readings into force values

Compute the average gripping force

Evaluate PID control law

Update actuator motion

if target gripping force is reached then

Stop motion and capture grasping image

12: end if
13: end while

— =
=N

objects: an orange, a 3D-printed cylinder, and a 3D-printed sphere. The orange
was tested at 10N, while the 3D-printed objects were tested at 5N, and each
grasping condition was repeated ten times. Grasping performance was assessed
from front-view images by manually identifying the finger-object contact points
and calculating the corresponding wrapping angles and contact arc lengths.

3 Results and discussions

3.1 Topologically optimized fingers

The structural optimization study was carried out in ANSYS using the finger
model with TPC 40D material properties, a fixed support applied on the top
mounting face, and a distributed compressive load of 10N applied on the se-
lected contact region, as shown in Fig. 2. The TPC 40D key material properties:
density p = 1.22 g/cm?, Young’s modulus E = 50 MPa, Poisson’s ratio v = 0.45,
and tensile strength oy = 10 MPa. The optimization problem was defined with a
density-based topology formulation and solved using the Sequential Convex Pro-
gramming algorithm. The inner triangular core of the finger was assigned as the
design region, whereas the outer peripheral frame was retained as a non-design
region in order to preserve the external grasping profile and the mounting inter-
face. In the objective definition, the primary criterion was set to maximize the
directional deformation in the desired wrapping direction, while the equivalent
von Mises stress was simultaneously reduced through the secondary objective. A
mass constraint of 15 g was imposed to match the mass of the reference Fin Ray
finger, which corresponds to approximately 25% of the fully solid initial design
space. The preliminary static structural results showed the stress distribution
and deformation trend within the prescribed domain before material redistribu-
tion. Based on these conditions, the optimization generated a modified internal
load path that improved compliance in the required direction while maintaining
the outer frame. The resulting topology was then interpreted and reconstructed
as a printable geometry for subsequent fabrication and validation.
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Fig. 1. Experimental setup for deformation analysis of soft fingers.

The converged 3D topology result from ANSYS was converted into a print-
able solid model through post-processing in SpaceClaim, as shown in Fig. 3.
Manufacturing constraints applied during optimization were used to control the
minimum structural feature size and to reduce the formation of unstable thin
members. The resulting density field was interpreted to extract the principal
material network responsible for load transfer between the mounting region and
the contact region. Based on this distribution, the internal members were re-
built as a continuous solid geometry, whereas disconnected low-density zones
and geometrical details below the practical printing limit were removed. The re-
constructed topology was then smoothed and locally edited to obtain continuous
load paths, stable member junctions, and printable wall dimensions across the
full 3D geometry. This design-to-manufacture step produced a fabrication-ready
finger model without changing the main deformation mechanism predicted by
the optimization.

3.2 Force regulation performance during grasping

The proposed PID-based force control strategy provided stable force regulation
during grasping and supported controlled interaction between the compliant
fingers and the target object. Based on the identified servo model, the tuned
controller yielded a fast closed-loop response with limited overshoot, which is
desirable for grasping tasks in which sudden force peaks should be avoided.
In particular, the selected proportional gain provided sufficient responsiveness,
while the integral gain improved compensation of steady-state deviations caused
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] [ d]

Fig. 2. Structural optimization setup and static structural response of the finger model:
(a) boundary conditions, (b) design and non-design regions, (c) equivalent stress, and
(d) directional deformation.

by compliance, friction, and transmission effects in the actuator-gripper system.
The relatively small derivative gain was found to be appropriate for the present
setup, since the measured force signal is affected by sensor noise and by the
deformation of the soft structure. A larger derivative contribution would amplify
these fluctuations and reduce the robustness of the control action. The selected
gain combination therefore represents a practical compromise between response
speed, stability, and noise sensitivity.

Figure 4 shows the closed-loop response of the tuned controller for a 5 N force
command using the identified second-order servo approximation. The response
reached the target without sustained oscillation. The peak force was approxi-
mately 5.30 N, corresponding to an overshoot of approximately 6.0%. The 2%
settling time was approximately 0.20 s and the steady-state error was approxi-
mately 0.014 N. These values indicate that the controller is sufficiently fast for
the quasi-static grasping experiments while avoiding excessive force overshoot.

The experimental setup further showed that force feedback is important for
repeatable grasping of objects with varying geometry. In contrast to purely
position-driven actuation, the proposed approach allows the gripper to adjust its
motion according to the measured contact force and therefore maintain a more
controlled gripping condition. This is especially relevant for compliant fingers,
where structural deformation changes the contact state continuously during the
grasping process. At the same time, the present results indicate several factors
that influence the quality of force regulation. The sensor is positioned behind
the direct contact region in order to maintain reliable contact during deforma-
tion, which may introduce a lever-arm effect in the measured force. In addition,
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Topologically optimized finger Fabrication-ready finger

o

Fig. 3. Conversion of the optimized 3D topology result into a printable CAD model.
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Fig. 4. Closed-loop PID force response for a 5 N grasping target.

the current image-based manual measurement procedure does not yet provide
the desired level of accuracy and repeatability for detailed deformation analysis.
Despite these limitations, the obtained results confirm that the proposed control
approach is suitable for compliant parallel grippers and provides a sound basis
for future refinement through improved calibration and additional sensing.

3.3 Demonstration of grasping tasks

The grasping performance of the reference Fin-Ray finger and the optimized
finger was evaluated using three test objects: an orange, a 3D-printed cylinder,
and a 3D-printed sphere. The orange was tested at a target gripping force of 10 N,
whereas the 3D-printed cylinder and sphere were tested at 5 N. For each object,
ten repeated trials were conducted. The wrapping behavior was quantified from
front-view images by identifying the upper and lower contact points between the
finger and the object and measuring the total contact angle with respect to the
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Fig. 5. Image-based comparison of grasping performance for the reference Fin-Ray
finger and the optimized finger using an orange at 10 N and 3D-printed objects at 5 N.

object center, as shown in Fig. 5. The contact arc length was then calculated from
the measured object diameter and the corresponding wrapping angle. The results
are summarized in Table 1. For all tested objects, the optimized finger achieved
a higher wrapping angle and a larger contact arc length than the reference Fin-
Ray finger. The relative improvement in wrapping angle was 9.5% for the orange,
12.3% for the cylinder, and 28.7% for the sphere. These results show that the
optimized internal topology improves object-conforming behavior under different
grasping geometries and force conditions, while the small standard deviations
indicate repeatable grasping performance across the repeated trials.

Future work will focus on extending the grasping evaluation through repeated
and quantitative experiments under controlled loading conditions. In the next
stage, both finger designs will be tested over multiple trials and on objects with
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Table 1. Grasping performance of the Fin-Ray and optimized fingers over repeated
trials.

Object F n dF do Gain SF SO
) (deg) (deg) (%) (mm) (mm)
Orange 10 10 166.6 £ 1.4 182.5 £ 1.2 9.5 101.7 £ 0.9 111.4 £ 0.8
Cylinder 5 10 144.8 £ 1.4 162.6 £ 1.2 12.3 92.7 £ 0.9 100.9 £ 0.8
Sphere 5 10 73.5+£1.5 94.6 £1.3 28.7 87.6 £0.9 95.0 £ 0.8

F': target gripping force; ¢p: wrapping angle of the reference Fin-Ray finger; ¢o: wrapping angle of
the optimized finger; sp: contact arc length of the reference Fin-Ray finger; so: contact arc length
of the optimized finger.

different diameters and stiffness in order to assess repeatability and sensitiv-
ity to object geometry. A computer-vision-based measurement approach will be
developed to automatically extract contact angle, contact length, and marker
displacement from calibrated image sequences. In addition, displacement sens-
ing will be integrated into the setup to measure the maximum deformation of
selected finger locations during grasping. These improvements will reduce man-
ual measurement error, provide more consistent data processing, and enable a
stronger correlation between force input, structural deformation, and grasping
performance.

4 Conclusions

This paper presented a combined structural design and force-control framework
for compliant fingers used in parallel robotic grippers. A density-based topology
optimization method was implemented in ANSYS Workbench by defining an
inner triangular design region and preserving the outer frame, mounting region,
and contact region as non-design areas. Under a fixed support at the mounting
face and a distributed load of 10N at the contact region, the optimized layout
was obtained using a multi-objective formulation based on directional deforma-
tion and equivalent stress, together with a mass constraint of 15g to match
the reference Fin Ray finger. The resulting topology was then converted into a
printable three-dimensional geometry through manufacturability-oriented post-
processing in SpaceClaim. A PID-based gripping-force control strategy was for-
mulated using a second-order approximation of the servo dynamics and real-time
force feedback from a SingleTact sensor. In addition, a dedicated test bench was
developed to enable controlled comparison of the reference Fin Ray finger and
the optimized finger under identical grasping conditions. Grasping experiments
were carried out using an orange at 10 N and 3D-printed cylinder and sphere ob-
jects at 5N. Across ten repeated trials, the optimized finger showed consistent
improvement over the reference Fin-Ray finger, increasing the wrapping angle by
9.5%, 12.3%, and 28.7% for the orange, cylinder, and sphere, respectively. These
preliminary results indicate that the optimized design provided greater object-
contact coverage and improved wrapping behavior under the tested condition.
Future work will focus on repeated grasping experiments, evaluation on objects
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with different geometry and stiffness, and automated image-based measurement
of contact angle, contact length, and deformation.
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