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1. Introduction

Returned products in circular manufacturing frequently de-
viate from nominal CAD due to wear, deformation, or dam-
age [1]. In robotic disassembly and remanufacturing, such vari-
ability causes uncertain contacts, pose deviations, and unstable
grasps. Conventional finger design workflows typically rely on
nominal geometry if at all, only compensate via adding generic
compliance [2], which can fail for systematic or localized devia-
tions, such as a corner being broken off, or some material build-
up during its lifecycle. As a result, finger designs that work
on nominal parts may not remain reliable across end-of-life
(EOL) variants and placements. We address this gap by using
Skin Model Shapes (SMS) to represent structural uncertainty
and generate uncertainty-aware designs via an automated finger
synthesis pipeline. This paper makes three contributions. First,
we propose an SMS-based workflow for uncertainty-aware two-

finger design under geometric and pose variability. Second, we
introduce a force-aware finger evaluation and sizing approach
that explicitly evaluates grasp stability instead of just relying
on form closure alone. Third, we show that nominal-rigit cut
and standard fingers cause large deviations in the grasped object
when geometry and position vary, based on experiments with a
sample workpiece under three different structural conditions. In
contrast, our method produces much smaller errors.

2. Related work

Robotic handling with parallel grippers typically requires
application-specific finger geometries to maintain a stable ob-
ject pose under static and dynamic loads [3]. In practice, this
requirement leads to object-specific fingers that must be man-
ually redesigned, a process that is time-consuming and prone
to failure when the manufactured part deviates from its nom-
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inal model. This challenge is especially pronounced in circu-
lar manufacturing and remanufacturing, where returned parts
vary widely in tolerance, wear, and damage and often cannot be
placed in magazines, leading to large pose uncertainties dur-
ing handling [4, 1]. While [5] surveys automated finger de-
sign, we categorize prior work into geometric contact shaping
(e.g., nominal-cut/dipping), optimization- and learning-driven
synthesis, and uncertainty-tolerant strategies using compliance
or conservative envelopes. A common geometric baseline is the
”nominal-cut” or ”dipping” principle, where the nominal object
model is incrementally inserted into a rigid finger blank, and
the contact shape is generated by Boolean subtraction to obtain
a collision-free cavity [2]. Complementary jaw-design work ad-
dresses robustness from the gripper side by defining admissible
jaw tolerance classes that guarantee alignment and form-closure
under jaw shape variations [6] and optimizing parallel-jaw tip
surface designs for robust grasping via rapid prototyping and
large-scale evaluation [7]. Although these methods enable rapid
customization, especially via additive manufacturing, they fo-
cus primarily on gripper-side variability and typically assume a
nominal object model. As a result, they provide limited robust-
ness to substantial deviations in the object itself. Beyond purely
geometric designs, optimization-driven methods automate fin-
ger synthesis by searching over finger parameters and contact
configurations under physical and manufacturability constraints
[8]. Recent work further reduces manual effort by coupling fin-
ger synthesis with learning-based generation of object-specific
forms [9]. Uncertainty is often addressed via conservative clear-
ances or safety margins (e.g., for collision avoidance/insertion),
rather than being modeled explicitly as a set of plausible object
geometries and poses that drives contact-shape synthesis. When
modeled, variability is frequently reduced to tolerances on a few
key dimensions instead of a propagated 3D shape-variability
model. To mitigate pose and contact uncertainty, many grip-
pers introduce compliance through soft pads, elastic structures,
or underactuated mechanisms, often combined with conserva-
tive geometric clearances to prevent collisions and jamming un-
der deviations [2]. While effective, these approaches typically
treat uncertainty as global and uniform, rather than accounting
for the fact that some regions of an object’s geometry may ex-
hibit substantially larger variability than others. A representa-
tive geometry-side strategy in battery manufacturing addresses
connector pose uncertainty by removing material to avoid col-
lisions across pose variations [10]. Although this increases the
admissible pose range, it does so uniformly and may reduce
contact adequacy, thereby compromising grasp feasibility un-
der task-specific requirements. In tolerancing research, geomet-
ric variability is modeled explicitly and propagated using Skin
Model Shapes (SMS) within the GeoSpelling framework [11].
These SMS can be directly generated from measurements of
EOL products, such as an inspection station [12]. For automated
finger design, SMS therefore offers a structured means of rep-
resenting spatially varying 3D shape and pose uncertainty, en-
abling contact-feasibility assessment without relying on ad hoc
margins or purely clearance-based heuristics. Building on this
idea, we use an SMS envelope to evaluate contact feasibility
and to synthesize an undercut-free cavity suitable for additive

Fig. 1: Overview of the proposed automated finger design workflow. Starting
from the nominal object modelM0 and the SMS uncertainty envelopeMSMS,
we synthesize a rigid finger blank and the gripping surface, yielding the cavity–
insert contact interface parameterized by (B, t, d).

manufacturing. We further combine this cavity with an inter-
changeable compliant insert to accommodate residual pose and
contact uncertainty (see Fig. 1).

3. Uncertainty-aware finger design

This section proposes a four-stage methodology for the au-
tomated synthesis of a two-finger gripper set with compliant
contact interfaces. Each finger is designed as a two-part assem-
bly comprising a rigid base finger that interfaces with the grip-
per coupling and a replaceable compliant insert that forms the
object-contact surface.

Figure 1 summarizes the pipeline. The remainder of this sec-
tion is organized as follows: we generate the SMS uncertainty
envelope, parameterize the finger and gripper accordingly, de-
sign the rigid base finger, and finally derive an undercut-free
cavity and matching compliant insert through iterative Boolean
operations.

3.1. Skin Model Shape as uncertainty envelope

An SMS is a conservative geometric envelope that represents
all admissible surface realizations under expected variability. In
our setting, we construct the SMS by combining two sources
of uncertainty: object-side geometric variability, represented by
a set of measured object variants, and pose variability, repre-
sented by bounded rigid-body transformations. In Fig. 1 we
consider a trapeziod shaped workpiece with three EOL variants.
Overlaying the surface meshes of these four variants yields a
model of worst-case scenarios that conservatively bounds the
geometric deviations observed in the data. Pose uncertainty is
then incorporated by applying bounded rigid-body transforma-
tions to this worst-case mesh. The resulting set of transformed
surfaces forms the SMS uncertainty envelope (Fig. 2b), provid-
ing a conservative approximation of all surfaces that may occur
within the assumed geometric and pose bounds. To generate the
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(a) Resulting SMS for a gear from a
EOL angle grinder

(b) Resulting SMS envelope for the trape-
zoid

Fig. 2: SMS generation for the reference object: (a) bevel gear of an EOL angle
grinder with local deviations(b) resulting conservative SMS envelope by super-
imposing the mesh with pose variations in y and (a, b, c).

SMS, the worst-case mesh is transformed over the selected pose
degrees of freedom within predefined bounds, and the set of
transformed instances is aggregated into an envelope (Fig. 2b).
Translation along the gripper closing direction is omitted be-
cause deviations in this direction are intended to be compen-
sated by the compliant insert during grasping. Translation in z is
omitted here because it does not affect the contact cross-section
relevant to cavity synthesis in this setup.

3.2. Contact parameterization and design space

In the workflow, the SMS meshMSMS and the nominal ob-
ject mesh M0 are the central geometric input for uncertainty-
aware design, as it conservatively bounds the admissible ob-
ject realizations. The design space is defined by two variables:
the finger width B and the immersion depth t along the clos-
ing direction dc. We choose (B, t) because B directly sets the
lateral extent (and thus the available contact area), while t con-
trols the engagement depth/enclosure along dc and thereby the
slice evaluated in the layer-wise feasibility check. The feasible
ranges for B and t are bounded by the gripper stroke and cou-
pling geometry. The nominal object meshM0 is used to shape
the insert contact surface to ensure nominal conformity, while
a fixed grasp pose defines the grasp frame and the closing di-
rection dc, which are used throughout the slicing and cavity-
generation steps. Moreover, task and interface parameters are
provided as design constraints: the required holding force FH ,
an estimate of the friction coefficient µ at the insert-object inter-
face, and the allowable contact pressure pallow of the compliant
material (as well as gripper-side limits such as stroke and cou-
pling geometry).

3.3. Contact selection and stiffness-based finger dimensioning

Based on the design space (B, t) defined in Sec. 3.2, the
workflow instantiates a concrete grasp configuration and de-
rives the main finger dimensions. In this step, compliance is
considered only at the level of stiffness-based sizing; the actual
cavity and insert geometries are generated in Sec. 3.4. First,
the object is placed deterministically in the grasp frame (grasp
point at the origin, prescribed grasp orientation), and a safety
offset is applied to maintain clearance to the reference plane.
Next, it is verified that the object can be positioned collision-

free between fully opened fingers, which is a prerequisite for the
lateral approach and closing. If feasible, a minimum inter-finger
distance is determined to ensure that the rigid finger bodies
do not touch until the compliant material is fully compressed,
thereby preserving the intended compensation for contour de-
viations. We evaluate candidate contacts by sweeping the fin-
ger width B and immersion depth t on a discrete grid. Larger
immersion depths generally increase the available contact area
and, consequently, the frictional force capacity, but they also
impose tighter geometric constraints on the finger geometry.
For each parameter pair (B, t), we analyze the object layer-wise
at depth t along the closing direction dc and obtain two oppos-
ing contact patches, ΓL(B, t) and ΓR(B, t). To remain conserva-
tive, we define the effective contact area A(B, t) as the smaller
of the two patches. Feasible candidates must transmit the re-
quired holding force FH through Coulomb friction without ex-
ceeding the allowable insert pressure pallow, which yields the
full minimum-area constraint:

A(B, t) = min(|ΓL(B, t)| , |ΓR(B, t)|) (1)

A(B, t) ≥ Amin, Amin =
FH

2 µ pallow
. (2)

We further discard candidates that violate gripper constraints
(stroke/clearance/collision). Finally, a geometric moment-
equilibrium check excludes asymmetric opposing contacts in
a symmetric pinch grasp; in practice, this is implemented as an
alignment test of the two contact placements (geometry-based,
without explicit contact mechanics). Among all feasible candi-
dates, we select (B∗, t∗) by minimizing the compactness objec-
tive

min f (B, t) = B2 + t2, (3)

which discourages unnecessarily wide fingers and excessive en-
closure. Ties are resolved by maximizing A(B, t). To localize
compliance at the contact interface, we impose a stiffness-ratio
constraint between the rigid finger and the compliant insert. We
dimension the rigid finger such that, under the same load, its
elastic deflection remains smaller than that of the insert. Rigid
finger and compliant insert are approximated as linear springs
in series, k−1

tot = k−1
finger+ k−1

insert, with kinsert = EinsertA/b and a can-
tilever approximation kfinger = 3EfingerI/L3, where I = BH3/12.
Enforcing a stiffness hierarchy kfinger = α kinsert (with α = 2 in
this work) yields the minimum required finger thickness:

H = L
(
α · 12 · kinsert

3EfingerB∗

)1
3

, kinsert =
EinsertA∗

b
. (4)

The finger stiffness was experimentally tested for different infill
geometries by applying a known force to the infill and measur-
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(a) Experiment Setup (b) Different tested infills

Fig. 3: Setup for experimental finger stiffness measurement (a) and overview of
the tested infill geometries (b). A defined force was applied and the resulting
deformation recorded; the gyroid infill was selected due to its most isotropic
and linear behavior.

ing the resulting deformation curves. The experiment is shown
in Fig. 3 and was performed using Grid (45°), Lines (0,90°),
Concentric (45°), Archimedean Chords (45°), Octagram Spi-
rals (45°) and Gyroid infill. In the end Gyroid infill was chosen
as it has the most isotropic and linear behavior. The total finger
thickness is obtained by adding the selected immersion depth t∗

and the insert thickness b to the minimum rigid-finger thickness
given by (4). The finger length is chosen to fully cover the en-
gaged object region in the closing direction, plus the predefined
safety offset.

3.4. Geometry synthesis of rigid fingers and compliant inserts

The final step realizes the selected parameters (B∗, t∗) as a
two-part finger assembly (Fig. 1): a rigid base finger with a
contact cavity and a matching compliant insert forming the
object-contact interface. The contact surface of the compliant
insert follows the classic dipping approach where the fingers
are slowly pushed into the nominal object geometryM0 along
the closing direction dc until the target immersion depth t∗ is
reached. Using boolean subtraction, the final contact surface is
determined. To account for structural deviations, this process is
repeated for the SMS envelope MSMS. This returns a second
contact surface that bounds the compliant insert and forms the
cavity where it is inserted. Finally, form-fit assembly features
(e.g., grooves/keys) are integrated into the finger and insert to
ensure repeatable mounting and prevent relative motion during
operation. All components are exported as separate, watertight
STL meshes for fabrication by fused deposition modeling. A
minor post-processing step removes construction-related pro-
trusions on the insert that would otherwise impair its compen-
sation behavior.

As a qualitative illustration of the cavity–insert concept on a
more complex EOL geometry, Fig. 4 shows the resulting finger
design for a EOL bevel gear based on the SMS in Fig. 2a. The
local deviation induces a protrusion in the compliant insert and
a corresponding adaptation of the rigid cavity geometry. This
example is included for illustration; the quantitative evaluation
in Sec. 5 is reported for the trapezoid variants.

Fig. 4: Qualitative illustration on an EOL bevel gear: a local geometric deviation
induces a protrusion in the compliant insert; the rigid finger cavity is adapted
accordingly to preserve contact feasibility. The quantitative evaluation in Sec. 5
is conducted on the trapezoid object variants.

4. Experimental setup

This section describes the experimental setup used to evalu-
ate robustness of the proposed uncertainty-aware finger design
(Sec. 3) under controlled geometric and pose variability. We
quantify performance by measuring the object pose after grasp
closure and after a standardized motion sequence, allowing us
to assess whether a grasp remains within predefined pose toler-
ances. We then introduce the robot cell and pose measurement
implementation, the test objects and variability model, the trial
procedure and perturbation plan, and the baselines.

4.1. Hardware and pose measurement

All grasping experiments are executed with an electric paral-
lel gripper (Schunk EGU-70-PN-N-B) mounted on a 6-axis in-
dustrial robot (Comau NJ290-3.0), based on the setup described
in [13]. For the latter, the robot executes repeatable grasp trials
while systematic pose perturbations are applied. Object pose
is measured optically using an overhead camera and a custom
evaluation script based on a 2×3 ArUco marker board attached
to each object, as shown in Fig. 5. To mitigate imaging distor-
tions, the camera system was calibrated once after the experi-
mental setup using a calibration target.

Fig. 5: ArUco-based pose tracking during grasp experiments: the object is
equipped with a 2 × 3 marker board to estimate its pose. In this case the state
of the art gripper exhibits large tilting with EOL Variant 2 showing that only
considering nominal geometries is not enough.
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(a) Proposed Design (b) Nominal-cut state of
the art fingers

(c) Standard/universal
fingers

Fig. 6: Finger designs (a-c) used for experimental comparison

4.2. Test objects and variability

In practice, EOL parts exhibit complex, component-specific
wear, chipping, and deformation, which makes it difficult to
isolate individual uncertainty sources in a controlled and re-
peatable experiment [1, 4]. To enable systematic evaluation
of uncertainty-aware finger synthesis, we therefore use simpli-
fied replacement geometries. This approach emulates EOL-like
deviations while ensuring reproducibility. Figure 1 illustrates
the resulting nominal and EOL object variants. The introduced
variants intentionally amplify local deviations to produce grasp-
relevant shape differences and to serve as a controlled stress
test under pronounced geometric variability. For this study, we
summarize geometric variability using a conservative envelope
obtained by overlaying all variants.

To incorporate pose uncertainty, the worst-case model is ad-
ditionally varied in pose. Specifically, we add translational de-
viations of ±1 mm in y and rotational deviations of ±2◦ about
a, b, c based on the pose estimation system used in [13].

4.3. Design of experiments and trial procedure

To probe the uncertainty represented by the SMS in a sys-
tematic and controlled manner, we employ a two-level pertur-
bation plan with fixed bounds (y = ±1 mm and a, b, c = ±2◦),
yielding a full-factorial design with 24 = 16 pose combina-
tions per object and finger type. Within each series, the object
geometry is fixed while the perturbation varies between trials.
Each experiment follows a fixed sequence adapted from [5]:
the object is placed at a predefined reference pose, the robot ap-
proaches with the commanded perturbation and closes the grip-
per to its mechanical end stop, and the first pose is recorded
(measurement 1). The robot then lifts the object and executes
a dynamic manipulation sequence (300 mm linear motion at
7000 mm/min followed by a return motion with high acceler-
ation and braking to induce inertial loads). Before placing the
object on the platform, it is held 10 mm above the platform, and
a second pose is recorded (measurement 2). Finally, the object
is returned to the start position and, if necessary, small man-
ual corrections are applied to re-establish the reference pose for
the next run. To demonstrate the need for explicit treatment of
geometric and pose uncertainty, we compare the automatically
generated finger set against two baseline designs under identi-
cal conditions: state-of-the-art fingers that “dip” into the nom-
inal object geometry during rigid finger design, and standard
(universal) fingers (All shown in Fig. 6).

Fig. 7: Rotational pose deviation for the nominal object and three EOL variants
for the proposed finger design and two baselines. Solid curves report the error
after grasp closure, while dashed curves report the error after the subsequent
robot motion sequence. Error bars indicate trial-to-trial variation.

5. Results

5.1. Functional validation: manufacturable geometry export

The functional validation aims to ensure the successful com-
pletion of the pipeline and the generation of additively manu-
facturable output meshes. For the reference geometry (Fig. 1),
the method produced complete finger sets (left/right rigid fin-
gers and left/right compliant inserts) in STL format. The ex-
ported meshes are watertight (no holes) and show consistent
normals, enabling direct processing for additive manufacturing.

5.2. Comparison of grasp performance across finger concepts

Fig. 7 summarizes grasp performance in terms of rotational
pose deviation, quantified as the rotation error measured with
the ArUco-based pose tracking. For each object variant and fin-
ger concept, solid markers report the error at measurement 1,
whereas dashed markers report the error at measurement 2. Ac-
cordingly, the vertical axis indicates how far the grasped ob-
ject rotates away from the commanded reference pose at these
two time points. Error bars show the dispersion across the
full-factorial perturbation combinations (median ± Interquartile
Range (IQR)). On the nominal geometry, the proposed design
yields the smallest median rotation error at both measurements,
while the state-of-the-art fingers achieve comparably low errors
after closure but show a larger spread. In contrast, the standard
fingers show much larger rotation errors even on the nominal
part, and these errors grow after the motion sequence. This is
likely because the flat fingers do not adequately support the
trapezoidal shape, causing the object to tilt during handling.
Across the EOL variants, the proposed design maintains consis-
tently low rotation errors and shows only a small change from
measurement 1 to measurement 2, indicating strong pose re-
tention during handling. Performance with the state-of-the-art
fingers depends strongly on the variant. While rotation errors
remain moderate after closure, they increase markedly after the
motion sequence for EOL variants 2 and 3, indicating reduced
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contact robustness under pronounced geometric deviations. An
example is shown in Fig. 5. The standard/universal fingers show
intermediate performance on the EOL variants, with larger er-
rors and/or dispersion than the proposed design. Overall, ro-
tation errors tend to increase from measurement 1 to mea-
surement 2, which is expected under inertial excitation where
micro-slip, elastic settling of compliant materials, and contact
reconfiguration can shift the object to a new equilibrium. The
reduced post-motion increase observed for the proposed design
suggests that the SMS-derived tolerance-admitting cavity, to-
gether with the compliant insert, helps maintain a more repeat-
able effective contact under these dynamic effects.

5.3. Discussion

The separation between solid and dashed markers in Fig. 7
reflects the additional rotational pose error (tilt) induced by the
motion sequence after grasp closure. Across all variants, the
proposed design shows the smallest post-motion increase, indi-
cating improved rotational pose retention under dynamic load-
ing compared to both baselines. For the nominal-cut fingers,
rotation errors increase markedly for some modified variants,
which is consistent with contact surfaces shaped for a nominal
geometry: deviations can change the realized contact and pro-
mote contact reconfiguration under load. By contrast, the SMS-
derived cavity admits the modeled variability and, together with
the compliant insert, reduces sensitivity to such reconfiguration,
resulting in more consistent post-motion behavior. The intro-
duced deviations are intentionally amplified to provide a con-
trolled stress test; absolute error levels and failure rates should
therefore not be interpreted as representative for a specific EOL
population. Remaining variant-dependent degradations suggest
that very large deviations may require wider uncertainty bounds
and/or enriched contact-surface synthesis. During development,
highly complex SMS envelopes were found to challenge mesh
boolean operations and could yield non-manifold intermediate
geometries.

6. Conclusion and Outlook

This work investigates Skin Model Shapes (SMS) as con-
servative uncertainty envelopes for automated two-finger fin-
ger design. In experiments with deliberately amplified geo-
metric variants and systematic pose perturbations, the pro-
posed approach consistently showed a smaller post-motion in-
crease in rotational pose error than the baselines, indicating
improved pose retention under dynamic loading within the
modeled uncertainty. Methodologically, the results support us-
ing explicitly represented variability as an input to contact-
feasibility assessment and manufacturable cavity–insert synthe-
sis, reducing the need for manual CAD iteration while remain-
ing compatible with additive manufacturing. This is relevant for
circular-production settings, where returned parts may exhibit
wear/damage and grasp poses are derived from inspection data
with limited accuracy. Future work will extend the evaluation
to additional industrial parts and deviation patterns to assess

generalizability, refine the uncertainty representation and its pa-
rameterization based on application data, and improve the ro-
bustness of mesh-based geometry processing for complex SMS
envelopes. In addition, the workflow will be integrated into a
measurement-to-grasp pipeline by coupling inspection outputs
with finger synthesis and deployment on the test station.
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