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Toward Simulation-Based Optimization of Compliant
Fingers for High-Speed

Connector Assembly
Richard Matthias Hartisch , Alexander Rother , Jörg Krüger , and Kevin Haninger

Abstract—Mechanical compliance is a key design parameter
for dynamic contact-rich manipulation, affecting task success and
safety robustness over contact geometry variation. Design of soft
robotic structures, such as compliant fingers, requires choosing de-
sign parameters which affect geometry and stiffness, and therefore
manipulation performance and robustness. Today, these param-
eters are chosen through either hardware iteration, which takes
significant development time, or simplified models (e.g. planar),
which can’t address complex manipulation task objectives. Im-
provements in dynamic simulation, especially with contact and
friction modeling, present a potential design tool for mechanical
compliance. We propose and investigate feasibility of a simulation-
based design tool for compliant mechanisms which allows design
with respect to task-level objectives, such as success rate. This is
applied to optimize design parameters of a structured compliant
finger to reduce failure cases inside a tolerance window in insertion
tasks. The improvement in robustness is then validated on a real
robot using tasks from the benchmark NIST task board. The finger
stiffness affects the tolerance window: optimized parameters can
increase tolerable ranges by a factor of 2.29, with workpiece varia-
tion up to 8.6 mm being compensated. However, the trends remain
task-specific. In some tasks, the highest stiffness yields the widest
tolerable range, whereas in others the opposite is observed, moti-
vating need for design tools which can consider application-specific
geometry and dynamics. While the task simulation demonstrates a
high accuracy for simple scenarios, achieving a 100% failure mode
prediction, tasks with higher geometric complexity yield significant
discrepancies between simulation and real-life, resulting in lower
rates of 27.3% due to excessive simplifications of the simulated task.
Failure during insertion can be modeled with a small sim2real gap,
whereas failure during search and in-hand slip demonstrated a
higher sim2real gap.

Index Terms—Compliant joints and mechanisms, simulation
and animation, grippers and other end-effectors.
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Fig. 1. Comparison of current (top) and proposed (bottom) design pipeline of
passive, structured compliance. The objective is to reduce the need for real-life
experiments, using instead a robot model and task (enter on the left) and dynamic
simulation to evaluate a range of design and environmental parameters. The
simulation results are evaluated according to robustness over part pose variation
and failure cases. In this paper, these simulation results are compared against
real execution.

I. INTRODUCTION

ROBUST contact-rich manipulation requires compensation
for small errors in the contact geometry [1], [2]. Me-

chanical compliance offers compensation of variation in contact
geometry through intrinsic dynamics; reducing the sensitivity to
position variations and enabling self-correcting intrinsic dynam-
ics, e.g. self-centering [3], [4]. The importance of compliance
can be seen from its robotic applications: integrated in the
kinematic structure [5], joints [6], flange [3], [7], fingers [1], [8],
and environment [9], [10], [11]. Mechanical compliance directly
affects normal forces and surface geometry during contact. This
directly affects pressure distribution on contact areas, Coulomb
friction limits, and the robustness uniformity over variation in
object contact condition.

The mechanical design of compliance, however, is limited
to lower-dimensional, simplified models (e.g. planar systems)
to enable design analysis such as constraint-based design [12],
effective TCP stiffness matrix [10], [13], or compliance ellip-
soids [14]. While these methods can develop design intuition,
they cannot scale to more complex designs. Topological opti-
mization methods can improve the range of motion or linearity
of compliant mechanisms [15], but has not been investigated
for task-related performance. Mechanical parameters do not
have the bandwidth limitations of active control [1], therefore
methods for mechanical compliance design are considered here.
As 3D printed compliant structures enables a larger design space,
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methods are needed to optimize these designs with respect
to task-level performance: e.g. robustness over part variation,
in-hand slip, maximum collision force.

At the same time, dynamic simulation has substantially im-
proved for robotics in terms of geometric complexity it can
handle, numerical stability of simulation, differentiability, and
realism. This offers a potential design tool for compliance, one
which can scale in task and design complexity as well as provide
task-level evaluation. Soft systems, e.g. compliant grippers,
are numerically easier to simulate compared to stiff systems,
which may allow for a reduced sim2real gap [16]. However, the
question of simulation accuracy remains critical: is simulation
accurate enough to motivate the design decisions in compliant
device design? Simulation has been used as a tool to iteratively
optimize fingertip contact geometry and grasping success [17],
but not yet applied for compliant fingers.

To investigate applicability, MuJoCo is chosen as a physics-
engine that focuses on contact-rich tasks with sufficient accu-
racy, modeling the 6- DOF stiffness between object contact and
robot flange, and investigating if the simulation can predict the
tolerance window in a resulting assembly task. Additionally,
the ability to determine failure cases, i.e. slip, a failed search
strategy and jamming of the plug is investigated. An overview
of the approach can be seen in Fig. 1.

II. TASK DESCRIPTION

This section describes the manipulation tasks considered,
defining the assembly goal and failure cases.

A. Assembly Applications

Four assembly tasks have been chosen from the NIST task
board, which are both simulated and carried out in real-life
experiments. These include two rectangular shaped pegs in
varying sizes (KET12 in Fig. 2(a) and KET8 in Fig. 2(b)), as
well as two electrical connectors (RJ45 in Fig. 2(c) and USB
in Fig. 2(d)). The assembly sequences utilized are similar for
all assembly tasks and are further described in the simulation
preparation in Section IV-B.

B. Robot Assembly Process

To achieve high-speed insertion, compliant fingers are used
along with an assembly strategy, based on the search strategy
employed in [1], which can can be seen in Fig. 3. First, the robot
is positioned in its home position. Next, the robot is moved
from the home position to above the connector within a safe
distance. Next, it is lowered to the gripping height, after which
the grippers are closed, grasping the part. The robot then moves
upwards again to the previous position, while holding on to the
connector. The aim of this process is to ensure that the connector
is aligned with the socket before the assembly is performed via
search strategy. The process is identical for all assembly tasks,
except the starting position and the distance that the robot has
to move for alignment are different.

The search strategy is performed following [1]: the connector
is tilted by 5◦–10◦, as seen in Fig. 3(a) and lowered to create line
contact, visualized in Fig. 3(b). It is then moved in negative and
positive x- direction (Fig. 3(c), 3(d)) to achieve planar contact,
followed by a negative y- movement to establish a no-escape
condition [18], shown in Fig. 3(e). A downward z- motion
completes insertion (Fig. 3(f)).

Fig. 2. The assembly tasks considered in this paper are shown.

C. Failure Cases

Practical design optimization for robotic tasks means re-
ducing the incidence of failure cases, which we define next.
Scenarios in which the connector is not properly assem-
bled in the socket are defined as an unsuccessful assembly
task.

During the assembly process, following, often interconnected,
failure cases are possible and have been noted, which can
be subdivided into four error sources: failure of the grippers,
as demonstrated in Fig. 4, failed assembly due to the robot
movement, occurring external forces and error sources from
the plug and socket geometry and dynamics. The individual
observed failures within the occurring assembly phases and the
corresponding failure causes are listed in Table I in correspon-
dence to the phase of assembly they are observed in. Failure
case 1) depicts contact loss during grasping, manipulation and
approaching, which has been noted by parameter combinations
of low infill density and stiffness in combination with soft
materials for PETG grippers [1]. Failure case 2) emphasizes
on a failed search phase in which the plug is missed, as seen
in Fig. 4(a), either due to a deficient search strategy move-
ment and/or contact with the socket geometry. Both during the
alignment and insertion the connector can be jammed, which is
described in failure case 3) and visualized in Fig. 4(a). This oc-
curs either due to insufficient stiffness in the assembly direction,
occurring external forces from both dynamics and geometry of
the connector, i.e. chamfers, which prevent centering of the con-
nectors and therefore result in collision and jamming. Contact
loss as failure case 4) is derived from insufficient normal- and
friction force of the gripper and excessive external forces during
contact between connector and socket, resulting in a loss of
grip.
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TABLE I
FAILURE CASES

Fig. 3. Here, the simulated assembly movement is demonstrated exemplary
for the USB assembly task. (a) and (b) visualize the approaching movement and
first established contact on the socket. In (c) and (d) a back-and-forth motion
of the connector in the x- direction with a slight movement in the z- direction
is executed to allow the plug to slip into the socket when aligned. Following, in
(e) contact is established between the sides of the plug and socket, realized by a
motion in the negative y- direction. Insertion is completed with a downward z-
direction motion as seen in (f).

Fig. 4. Visualized Failure Cases.

III. MODELING OF COMPLIANT FINGERS

The proposed design principle in [1] realizes a structured com-
pliance through the internal structures of the fingers for passive
alignment. Structured compliance allows the fingers to deflect
under load, while providing sufficient stiffness, and therefore
force, in the assembly direction, establishing contact only at the
fingertip, as opposed to typical soft silicone- or finray-based soft
grippers, which utilize an enveloping grip adapting to variation
in surface geometry [19], [20], [21], [22], [23].

Fig. 5. Overview of varying infill parameters. Horizontally, the varying infill
degrees between 0 ◦ and 40 ◦ are shown and vertically, the infill densities 10%
and 30% are visualized. Generated in UltiMaker Cura.

A. Design Principle and Parameters

The identified design parameters in [1] are the infill options
to adjust the density and orientation of the ribs in the finger,
i.e. the infill direction (i), given in ◦, and the infill density
(ii), given in %. The infill parameters can be seen in varying
combinations in Fig. 5. This affects the bulk stiffness realized
by the finger on a gripped part, as well as the maximum force that
the finger can apply. Additionally, the compliant structure of the
fingers enables an effective remote center of compliance (RCC),
such that a lateral translation at the base of the plug causes a
change in orientation, with the tip moving in the direction of the
perturbation.

B. Stiffness Model

The stiffness model used in the simulation represents a sim-
plified model of the finger, utilizing the stiffness values in the
compliance direction [1]. As visualized in Fig. 3, contact is only
established at the two contact planes in the fingertip. With the
contact and stiffness resulting on the gripped part, sufficient
search and assembly forces are provided. For this work it is
therefore assumed, that each finger is modeled individually and
the stiffness model of the compliant gripper can be sufficiently
reduced to the physical contact between the notch of the fingers
and the grasped parts utilizing only the diagonal entries of a
6-DOF stiffness matrix. While this is a significant simplification,
3- or 6- DOF models for RCC-effects are well-established [3].
This simplification was chosen for this work to enable simulation
of dynamic, high-speed interaction, which requires computa-
tionally tractable dynamic simulation. FEA could capture con-
tinuous deformation, however, it is unsuitable for this scenario,
as it is currently used for static analysis. Nonetheless, FEA can
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Fig. 6. Here, the different models used for simulation can be seen: (a) the
original model to be simulated, (b) the convex auto-decomposition provided by
MuJoCo, and (c) the manual remodeling in Blender.

be used to establish the simplified model parameters (stiffness
values [1], location of RCC), allowing the effect of general
design parameters such as infill direction to be considered in
a more accurate way. This “compliant model reduction” can be
seen in Fig. 1.

IV. SIMULATION PREPARATION

This section describes the geometric modeling of the con-
nectors and simulation setup. The simulation and the used
files are available at https://github.com/richardhartisch/mujoco_
tasksim.

A. Convex Decomposition

MuJoCo can only handle convex meshes when performing
peg-in-hole operations. Therefore, the connector and socket
components, as well as the NIST Task Board itself, need to be
decomposed. While MuJoCo offers an in-built option to auto-
decompose structures into small convex parts, the approximation
for complex structures like a connector, visualized in Fig. 6(a), is
imprecise, leading to significant changes in tolerance, as seen in
Fig. 6(b). Open-source solutions as [24] can be used to decom-
pose the geometries beforehand, providing multiple options to
adjust the quality of the decomposition. Alternatively, the model
can be decomposed manually using simple convex structures,
such as cubes and cylinders in Blender, as demonstrated in
Fig. 6(c), ensuring a realistic approximation of the real part
considering dimensions and tolerances.

B. Robot Movement

The assembly simulation uses two motion strategies: a
tolerance-based and a duration-based method. Both step the
model in a while-loop and update the viewer.

The tolerance-based method overwrites joint positions, mov-
ing the robot instantly and without actuator forces. It is used for
the home pose and the preparatory phase until the TCP–target
distance falls below 1 · 10−3 m. During search, however, emerg-
ing contacts prevent reliable convergence, so the duration-based
method is used instead, applying forces over a fixed time for all
contact-rich motions.

After defining the poses, the search strategy (Section II-B)
executes identically across tasks, differing only in initial pose
and trajectory length. The tolerable range is obtained by shifting

the initial search-start position in ±0.1 mm increments until as-
sembly fails. The maximal successful shift defines the tolerance
range. Simulation and validation use MuJoCo’s viewer and a
Python script that loads the MJCF model with full parameter
access. The MJCF implementation follows next.

C. Simulation Inputs

Models in MuJoCo are built by defining objects, properties,
constraints and an environment through a MJCF. The complex
mechanical properties of the structured compliant grippers can
be modeled by six joints with specific stiffness values. Three
slide joints are used for the translational movement and three
hinge joints for the rotational movement, therefore defining the
direct, diagonal stiffness values of a 6- DOF stiffness matrix,
omitting the coupled, off-diagonal stiffness values in corre-
spondance to the stiffness model in Section III-B. The three
transversal slide joints are positioned in the center of the gripping
surface. The placement is only relevant for visualization of the
position of the TCP. The actual position of the slide joint has
no impact on the gripper’s movement as it can only move along
the joint’s axis. The position of the three hinge joints for the
rotations about the x-, y- z- axis on the other hand is important
as it influences the movement of the gripper and the applied
forces due to the leverage. In accordance to the assumptions
in [1], the center of rotation is positioned at the estimated RCC.
Here a significant simplification from previously published work
on the RCC position has to be noted. As described in [1], the
position of the RCC depends on the infill parameters, i.e. the infill
direction which influence the stiffness of the gripper. As only the
stiffness values are given as an input, the varying position is not
considered in this modeling, instead a fixed RCC position at
21 mm in the z- direction from the contact plane is set. This
represents a significant simplification, which is validated later
in Section V-E. Joints in MuJoCo have an option to adjust their
stiffness and damping values, for which the values obtained
in [1] are utilized. As the stiffness values in x- direction and
the rotations have not been determined in [1], assumptions
are necessary. Considering the forces while gripping and the
leverage, the stiffness is estimated between 0.5− 2 Nm

rad . For
the other joints, the stiffness was set to approximately 10 times
the value of the hinge joint for the x- rotation’s values. This was
defined according to their real-life behavior, as they behave stiff
on the real system. Thus, their impact in the simulation should be
close to zero. Important contact parameters include the damping
and friction between the connecting pairs gripper-connector and
connector-socket. As the contact surface of the gripper has been
equipped with a rubber layer the friction coefficient has been
set to 1. As the contact between the connector and the socket
typically represent smooth contact surfaces between metal and
plastic, a low friction coefficient of 0.2 was chosen. The damping
ratio was set to 1 to achieve a critical damping value between
the connector and the gripper and an underdamped value of 0.5
for the contact between connector and socket.

V. SIMULATION AND IN-SITU EXPERIMENTS

The simulation is performed for each NIST assembly task in
MuJoCo and in-situ utilizing the aforementioned input values.
The evaluation is carried out by observing the simulation process
in the MuJoCo viewer. A successful assembly is defined as the
full insertion of the connector inside the socket.
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Fig. 7. In (a) a comparison and conformity of simulated and in-situ tolerable
ranges is given, in (b) the simulated (blue) and in-situ (orange) tolerable ranges
across the Infill Direction for the KET8 assembly task are presented.

Fig. 8. In-Situ (x) and Simulated (y) failure cases observed during the assem-
bly task.

Fig. 9. Simulated (left) and In-Situ (right) tolerable ranges across design
parameters for the KET12 assembly task.

A comparison and conformity of the simulated and in-situ
tolerable ranges of the four assembly tasks is given in Fig. 7(a).
In the Figs. 9, 10, 11 and 12, the observed tolerable ranges for
each stiffness in the compliance direction is shown. The left
diagram displays the simulated results and on the right side the
corresponding in-situ results are visualized. The infill direction
is indexed by five different colors and the increasing infill

Fig. 10. Simulated (left) and In-Situ (right) tolerable ranges across design
parameters for the KET8 assembly task.

Fig. 11. Simulated (left) and In-Situ (right) tolerable ranges across design
parameters for the RJ45 assembly task.

Fig. 12. Simulated (left) and In-Situ (right) tolerable ranges across design
parameters for the USB assembly task.

density with an increasing size of the markers. Subsequently, the
assembly tasks are evaluated in real-life, in-situ experiments.

In Fig. 8 heatmap visualizations are given of the observed
failure cases. The x- axis depicts the failure types of the in-situ
trials and the y- axis the observation from the simulated trials.
For each evaluation the overall score is given.

Throughout all in-situ and simulated experiments, failure case
1) has not been detected. While in preliminary experiments in [1]
in-finger-slip, i.e. failure case 1) has been noted for low-stiffness-
grippers of PETG, these parameter combinations were not used
in these experiments. The experiments are sorted in an increasing
order according to their level of geometric complexity. As the
KET components visualized in Fig. 2(a) and (b), consist of a
rectangular-shaped peg assembled in a rectangular slot, these
are ranked the lowest in terms of complexity. This is followed
by the marginally more complex RJ45 task, as additional contact
planes in both the plug and socket are introduced here, as
seen in Fig. 2(c). The task with the highest complexity is the
USB assembly task, which is visualized in Figs. 2(d), 4(a), and
4(c). Here, only few marginal contact planes are present on the
connector. As illustrated in Figs. 2(d) and 4(a), the geometry of
the plug adds an additional level of complexity due to the center
bar inside the plug.
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A. Evaluation of KET12

In the KET12 assembly task, the tolerable ranges remain
relatively consistent regardless of any changes in the design
parameters, as seen in Figs. 7(a) and 9. Optimized parameter
combinations with low stiffness in the compliance direction of
1.67− 1.95 N/mm achieve the highest tolerable ranges in the
in-situ trials in this task. The optimum increases the tolerable
range by a factor of ≈ 1.2 (from 6.5 mm to 7.8 mm). The
main observed failure type lies within the insertion, indicating
an excessive inclination of the metal peg as the contributing
factor, which results in jamming. Further, the simulated tolerable
ranges are lower than in real-life, which achieve up to ≈ 74%
higher tolerable ranges. Jamming has consistently been observed
throughout the trials.

B. Evaluation of KET8

The simulated tolerable ranges for KET8 are highest for low
stiffness in compliance direction, of ≈ 7 mm, as visualized
in Fig. 7(a) and Fig. 10. It is found, that the tolerable range
decreases up to 2.5mm with an increasing infill direction. The
in-situ experiments, however, achieve a higher range, as seen
in Fig. 7(a) and Fig. 10. The parameter combinations with 0◦
infill direction achieve the highest range. As the scattering of
the tolerable ranges of the KET8 assembly task has precluded
a statement on an observable trend in Fig. 10, another approach
is necessary. As seen in Fig. 7(b), a trend is observable on
the tolerable ranges depending on the infill direction. With an
increasing infill direction the tolerable ranges are reduced in
the simulation, whereas the real-life validation demonstrates a
higher tolerable range with an increased infill direction. It is
therefore assumed, that the tolerable ranges of the KET8 task
correspond to the effective RCC location influenced through
the varying infill direction [1]. The significance of this effect in
comparison to the general stiffness is attributed to the slender and
long structure of the KET8 beam. It is therefore assumed, that
for a correct representation of the real-life behavior for assembly
tasks of objects with a high length-to-width ratio a more complex
modeling in the simulation needs to be applied which enables
the consideration of the varying RCC location.

The maximum shift in negative and positive direction is
limited by connector jamming in both simulation and in-situ
trials, as seen in Fig. 8, which is denoted by failure type 3).
The plug is evaluated as a source for errors, as jamming has
been observed due to a rotational movement about the y- axis
of the connector when establishing contact with the back plane
of the plug. This results in a rotational movement of the object,
causing jamming and thus permanently damage of the grippers.
Optimized parameter combinations with higher stiffness in the
compliance direction of 3 N/mm achieved the highest tolerable
ranges in the in-situ trials of this task. The most effective
parameter set increased the tolerable range by a factor of ≈ 1.76
(from 4.9 mm to 8.6 mm).

C. Evaluation of RJ45

For the RJ45 assembly task the overall lowest tolerable range
was observed both in the simulation and in-situ experiments as
observed in Figs. 7(a) and 11. While the simulated values indi-
cate consistent behavior over stiffness and infill parameter vari-
ation, the real-life experiments demonstrate an increasing toler-
able range over decreasing infill density values in low-stiffness

values of< 2.5 N/mm. Optimized parameter combinations with
the lowest stiffness in the compliance direction of 1.2 N/mm
achieved the highest tolerable ranges in the in-situ trials of this
task. Optimal design parameters increased the tolerable range
by a factor of ≈ 2.29 (from 1.4 mm to 3.2 mm). Failure cases 2)
and 3) have been noted in the simulated trials, whereas failure
case 2) was predominantly observed in the real-life validation,
as seen in Fig. 8. In both cases the maximum shift was limited
by the employed search strategy, which is attributable to the
complex geometry of the RJ45 connecting pair. In these cases the
connector collided with the outer geometry of the socket during
search with an excessive shift in the positive direction causing the
connector to miss the socket. This was observed through all trials
in the simulated and in-situ experiments, possibly explaining the
close similarity of the tolerable ranges and the consistency in the
simulation. While failure case 3) was observed in the simulation,
this was only noticed once during the in-situ trials, as a failed
search strategy has been observed as the main failure case with
one exception at the highest tolerable range. This results in a
correspondence score of 54.5 % for the RJ45 assembly task.

D. Evaluation of USB

The simulated USB assembly task demonstrate a clear ob-
servable trend on the tolerable ranges in Figs. 7(a) and 12.
A comparably large tolerance window of up to 9 mm could
be achieved, the minimum tolerable range is specified with
5.9mm for the combination with the highest stiffness. Especially
in this trial the differences between simulation and real-life
experiments become evident, as the results obtained from the
in-situ experiments exhibit a virtually inverse tolerable range
over the infill parameters where the highest tolerable range
corresponds to the lowest achievable range in the simulated trial.
Optimized parameter combinations with high stiffness in the
compliance direction of 3.2N/mm achieved the highest tolerable
ranges in the in-situ trials of this task. Optimal design parameters
increased the tolerable range by a factor of≈ 1.49 (from 4.1mm
to 6.1 mm). Additionally, for this assembly scenario different
failure types are observed. While jamming and contact loss
is determined in the simulation, this does not correspond to
the in-situ trials, which are not unambiguously attributable to
a specific parameter combination, as summarized in Fig. 8. A
clear correlation between the infill parameters and failure case
seen in-situ is not visible. Therefore, the correspondence in this
scenario is evaluated with only ≈ 27.3%. The following section
discusses the assumptions for these deviations.

E. Sensitivity Study

Following the simulation results, a sensitivity analysis was
conducted exemplary on the KET12 assembly to evaluate the
influence of the contact parameters, i.e. the friction coefficient
and damping ratio on the tolerable range. The resulting toler-
ances were scaled. Friction coefficients ranged from 0.2 (smooth
plastic–metal) to 1.4 (rubber–concrete). For the damping ratio,
under- (< 0), over- (> 0), and critically (0) damped cases were
tested. As shown in Fig. 13, the predicted tolerance window does
not change to moderate parameter variations within realistic
bounds. For the gripper–connector contact, tolerable ranges
stayed largely constant down to a friction coefficient of 0.2.
Below this, grip loss and jamming reduced the tolerance to
≈ 39%, and further reduction caused complete assembly failure.
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Fig. 13. Analysis on influence of parameter variation on the scaled tolerable range for KET12 assembly task including the friction coefficient and damping ratio
between the gripper-connector contact and connector-socket contact and the position of the RCC in the z- direction.

Higher friction showed no adverse effects. For the connector–
socket contact, increasing friction from 0.5 to 0.6 and 0.7 caused
failure due to excessive resistance during the search motion.
Reducing the stiffness to 0 produced initial instabilities, which
the search strategy compensated, yielding a slightly reduced
tolerance (≈ 95%). For the connector–gripper contact, lowering
the damping ratio to 0.35 reduced the tolerance to ≈ 60%,
and 0.3 caused failure due to an insufficient grasping force.
Overdamping (2.0) had no effect. Similar behavior was observed
for the connector–socket interaction: minor deviations emerged
at a damping ratio of 0.1, and a non-damped system (0) failed
entirely, while overdamping had no influence. Overall, main-
taining realistic friction and damping values demonstrates a low
sensitivity of the simulation to contact parameter variations of
approximately ±20%. As described earlier, the infill parame-
ters influence both the overall stiffness and the RCC position,
which was kept fixed in this simulation. For a dynamic RCC
model an adjustment would have to be included of the hinge
joint positions, as well as an adjustment of the corresponding
stiffness values, depending on the infill parameters. To assess
this effect, a sensitivity analysis of the RCC position in the z−
direction was performed, examining its impact on the tolerable
range. The results can be seen in Fig. 13. Shifting the RCC
toward the TCP slightly reduced the tolerable range. Placing it
directly at the TCP decreased it by less than 10%. Raising the
RCC position to 85 mm resulted in failure cases 1) and 2) and
reduced the tolerable range to ≈ 80%. At 90 mm, instabilities
and contact loss led to complete assembly failure. Thus, within
realistic bounds, the simplified RCC modeling used here does
not significantly impact simulation performance, suggesting that
dedicated optimization of the RCC location is not necessary.
The primary factors influencing assembly success remain the
stiffness of the compliant grippers and the geometric constraints
of the connecting pairs.

VI. CONCLUSION

The main motivation behind the implementation of dynamic
simulation is the possibility to omit real-life experiments and
utilizing simulation tools as a means to anticipate real-life
behavior, as contrasted in Fig. 1. After the preparatory steps
in Section IV, the failure cases and tolerable ranges in both
simulation and in-situ experiments are evaluated in Section V.
A clear dependency of the tolerable range and the stiffness values
is only noticeable for the simulated USB assembly task, whereas
the tolerable range remains relatively constant for the simulated
RJ45 and KET12 task. This behavior was also partly observable

in the in-situ experiments, however an offset of the tolerable
ranges, as seen in Figs. 9 and 11, and an almost inverse trend
as in Fig. 12 have been noted. Especially the slender and long
structure of the KET8 assembly task stood out in this work, as
strong scattering was noticeable in both simulation and in-situ.
As described, this is assumed due to an insufficient modeling of
the RCC location, which depends on the infill direction, as this
has allowed for a clearer trend analysis as seen in Fig. 7(b). As a
main reason for the discrepancy between simulation and real-life
scenarios, insufficient modeling and increased complexity of the
tasks are determined, leading to falsely simulated contact states
during assembly. This has been especially noticeable during the
USB assembly task. As seen in Fig 3, the center bar of the USB
plug, visualized in Fig. 2(d), is missing, overly simplifying the
socket geometry, due to the convex decompositioning process.

Thus, deviations between the CAD models and real-life parts
provided by the NIST task board are critical for the sim2real
gap. Regarding the real-life setup, minor differences could mit-
igate the failure type 3) to a failure type 2), especially due to
differences in low friction, the initial angle for the established
line contact and deviations in the compliance values. While the
dependency of tolerable ranges on the stiffness values have
indicated deviations, the overall order of magnitude demon-
strates similarities. In both simulated and in-situ trials clearly
differentiable tolerable ranges are noticeable between the as-
sembly tasks further demonstrating feasibility to simulate the
assembly tasks regardless of exact conformity with the real-life
values. From the obtained results on the tolerable ranges it is
apparent that a universal claim on the optimal design parameters
cannot be given. In each task a different parameter combination
has achieved the highest tolerable ranges. With an optimized
parameter combination an increase by factor ≈ 2.29 was noted,
emphasizing the necessity of task-specific optimization, which
will be carried out in the proposed future pipeline. The sim-
ulation has further shown low sensitivity to minor variations
(±20%) of the contact parameters when kept in a realistic range.
Regarding the congruence of simulation and real-life validation,
the heatmaps in Fig. 8 have indicate a high level of correspon-
dence for the KET assembly tasks, indicating jamming. Again,
an increased complexity and overly simplification of the tasks
results in higher deviations, which have been noticed for the
RJ45 task, as seen in Fig. 8, where an excessive offset has either
led to a missed socket, or connector jamming. The limiting factor
was determined the geometry and increased complexity of the
socket has been identified, as seen in Fig. 2(c). The matching
score for the USB assembly task is the lowest over all tasks,
as ≈ 27.3 %. Both contact loss and jamming during simulated
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insertion have been detected, whereas the findings in the real-life
experiments where mixed. Either a missed plug, jamming and
contact loss have been identified in this case, precluding a clear
observable trend. The ambiguous classification of failure cases
is attributable to the complications from handling the USB con-
nector as visualized in Fig. 2(d), where the contact established
through the form-fit contact from the notch is strongly limited,
presumably omitted or falsely approximated in the simulation,
which is indicated in Fig. 3. In the real-life scenario this leads
to pose uncertainties of the connector in the grasp, introducing
instabilities when establishing contact with the socket during the
search phase. As described prior, this discrepancy is attributed
to the insufficient accuracy of the CAD model of the socket.

In summary, dynamic task simulation has demonstrated feasi-
bility to approximate real-life behavior in regards of the tolerable
ranges and observed failure cases, further providing distinguish-
able tolerable ranges corresponding to the task complexity. How-
ever, significant deviations are present, which are attributable to
insufficient modeling of the CAD models and are exacerbated by
the convex decompositioning process, as well as assumed to the
reduced compliance model and the simulation input parameters.
It is obvious, that the conformity of the CAD files to the actual
counterparts has to be as accurate as possible to reduce the
sim2real gap. Complex structures as the connectors and sockets
of the RJ45 and USB have been especially sensitive to these sim-
plifications as the deviations have shown, whereas a higher level
of conformity was observed for simpler geometries as the KET
assembly tasks, showing the current limitation of simulation as
a tool for manipulation tasks with complex contact geometry.
Failure during insertion (jamming) could be modeled with a
small sim2real gap, whereas failure during search and in-hand
slip demonstrated a higher sim2real gap. Future work will incor-
porate the dynamic simulation in the proposed design-pipeline
to further assess the ability to determine task-level optimized
parameter combinations of passive compliant structures.
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