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Abstract

In the assembly of large-scale composite structures, interface gaps arising from part deviations are commonly filled with shims to avoid
induced stresses due to the forced contact. However, excessive shim thickness increases bending stresses in fasteners, while the process of
gap minimization itself can distort the final assembly shape. This study presents a framework that integrates fastener load limits with fixture
optimization to determine maximum allowable shim thickness and reduce interface gaps. Using a combination of finite element simulation, contact
modeling, and numerical optimization, the method computes optimal fixture adjustments to minimize gaps while respecting structural constraints.
A case study on a simplified wingbox section shows that, although local gaps are reduced by an average of 43%, global geometric deviations
often increase, revealing a fundamental trade-off between gap minimization and geometric accuracy. The framework supports pre-manufactured
shims and is particularly suited for digital-twin environments, enabling inspection data to inform fixture setup before assembly. Results highlight
the importance of jointly considering structural and geometric objectives and suggest that multi-objective optimization and alternative shimming

strategies can further enhance geometry assurance and joint integrity.
© 2026 The Authors. Published by Elsevier B.V.
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1. Introduction

In the assembly of large-scale composite structures, such as
aerospace components, unavoidable part and process geometric
deviations often lead to gaps between parts. These gaps pose a
particular challenge for composite materials. If fasteners, like
rivets, pins/collars or bolts are installed while these gaps are
present, the resulting forced contact can introduce unintended
stresses and additional part distortions, that can directly cause
structural damage, such as delamination and matrix cracking
[1].

Shims are commonly used to fill these gaps, but introduce
their own challenges. By modifying the load path, shims can
increase bending stresses in the fasteners and affect the struc-
tural response of the assembly [2]. Despite their widespread
use, current geometry assurance workflows lack an integrated
framework that links fixture adjustment directly to the struc-
tural load limits of the fasteners. This work addresses this gap
by proposing a framework where fastener load limits serve as
the primary constraint for fixture optimization, allowing for an
explicit evaluation of the trade-off between structural joint in-
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tegrity and global dimensional accuracy. In this work, shim-
ming refers exclusively to the filling of interface gaps with solid
or liquid materials. It does not include locator adjustment, al-
though shimming and trimming are sometimes used with that
meaning.

This paper presents a framework that determines the max-
imum allowable shim thickness based on part thickness and
fastener strength, and computes fixture adjustments that re-
duce gaps while respecting these structural limits. While the
optimization prioritizes joint integrity, we perform a post-
process analysis on the resulting assembled geometry. This
work demonstrates that minimizing local interface gaps to sat-
isfy structural constraints can lead to increased global geomet-
ric deviations in compliant composite assemblies. This high-
lights the inherent trade-off that must be managed in geometry
assurance workflows.

2. Theoretical framework and methodology

This section presents the theoretical background and
methodological choices underlying the proposed framework.
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2.1. Shim limits calculation

To minimize the adverse mechanical effects that shims in-
troduce into a joint, the shim thickness should be kept as small
as possible. Rules of thumb can be found in the literature for
defining acceptable shim thickness limits [3]. This section out-
lines the procedure adopted in this study to determine the max-
imum allowable shim thickness. A schematic of a single-shear
joint and the corresponding shear load acting on the fastener is

shown in Fig. 1.
d
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Fig. 1. Single-shear shimmed joint representation with shear load acting on
fastener

From classical beam theory [4], the bending and shear
stresses in the fastener in an unshimmed joint (Eq. 1) are re-
spectively:
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V is the shear load, d is the fastener diameter, ¢ is the bending
arm in an idealized condition where the fastener is loaded in
shear at the mid-plane of each part and #; and #, are the thick-
nesses of the parts.

The Von Mises equivalent stress and the increased bending
stress in the fastener caused by the shim can be expressed as

Eq. 2:
Ls
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where 7, is the shim thickness.

The factor k = 1 + f is introduced, where f is the maximum
allowed additional Von Mises stress. By combining Eqs. 1 and
2 and solving for ¢, the maximum shim thickness is derived as:
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Calculated values of #"** will be used as boundaries in the
optimization problem.

2.2. Assembly simulation and gaps prediction

In industrial practice, the assembly process for compliant
structures begins with positioning each component in an as-
sembly fixture. Due to inherent part and process-induced devi-
ations, this positioning often results in contact forces and gaps.
These gaps are measured with feeler gauges to determine shim

thicknesses, which are manufactured while the assembly is dis-
assembled for shim installation before final fastening [5].

Numerically, part deviations are simulated in this work by
introducing imposed nodal displacements, with the resulting
deformed shapes generated using the finite element method
(FEM). These displacements are scaled to typical manufactur-
ing tolerances, representing characteristic deviations such as
those derived from the curing process. Surface roughness is ex-
cluded from the model as its typical magnitude is negligible
compared to overall geometric deviations. Furthermore, as the
focus remains on the macro-mechanical gap reduction, friction
is not considered in this study. Each deviated part is then po-
sitioned in a virtual assembly fixture. Contact modeling is em-
ployed to prevent part penetration and compute contact forces.
The method of influence coefficients (MIC), coupled with FEM,
is then used to efficiently evaluate the resulting assembly con-
figuration and gap distributions [6].

Several studies have investigated gap prediction using dif-
ferent approaches, such as measurement-driven numerical pro-
cedures [7, 8], mode shape decomposition model for statisti-
cal analysis [9] and physics-based multi-stage simulation [10].
In [11], a single-step shimming strategy is proposed, automat-
ically choosing between solid or liquid shim, while FEM and
in-line measurements are used in [5, 12] to predict shim geom-
etry. The strategy proposed in this paper extends these works
by explicitly integrating allowable shim thickness limits derived
from joint mechanics into the gap reduction process.

2.3. Assembly locators adjustment

A rigid part has six degrees of freedom (three translations
and three rotations), which must be constrained by the fixture,
typically using the classic 3-2-1 locating scheme. For compli-
ant parts, such as the thin composite structures considered in
this work, additional support points are required to counteract
external loads and ensure proper positioning.

Locator adjustment is a geometry assurance technique used
in assemblies to improve the dimensional quality of the final
product by making small, controlled modifications to the posi-
tions of the locators in an assembly fixture, as demonstrated in
[13, 14].

In this study, locator adjustment is implemented as an op-
timization process. The objective is to determine the optimal
adjustment for each locator, specifically in its constraining di-
rection, to minimize initial gaps between parts. The locators po-
sition and constraining directions of the case study are shown
in Fig. 2 by the red (main locating system) and orange arrows
(support points). This optimization of the fixture configuration
to accommodate part variations serves as a first step for re-
ducing shim requirements, thereby minimizing the adverse me-
chanical effects that shims introduce in structural joints.

2.3.1. Optimization

The optimization problem was formulated as the locator ad-
justment problem in [15], and modified to reflect the maximum
allowable limit on the shims:
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Here, 7,(u) is the root mean square (RMS) of all the gaps be-
tween parts at fastener positions, u is a vector of scalar adjust-
ments applied to the positions of the z clamps, u = [uy,...,u;].
The bounds @ and S are the maximum allowable adjustments
for each fixture point. These limits are set to +2 mm, based on
common industrial shimming practice.

The constraint #,(u) < 7" ensures that the optimization
reduces gaps while respecting the maximum allowable shim
thickness and limiting additional Von Mises stress, fiax, set to
15% to maintain sufficient margin for in-service loads.

The problem is framed as a constrained black-box optimiza-
tion. To reduce the number of function evaluations through the
computer-aided tolerancing (CAT) software, a trust-region re-
flective approach [16] is employed. Here, a locally linear sur-
rogate of the gap field is obtained through a finite difference
method. With a two-step approach, the constraints are taken
into account initially by solving an unconstrained penalty prob-
lem for the allowable adjustments and secondly by a quadratic
surrogate formulation with the maximum shim thickness. The
approach is implemented in Python, and for each part in the
assembly and for each locator, the software is called twice to
evaluate the gaps.

2.4. Shimming simulation and geometric output

After the gaps are minimized, shimming is simulated by
modifying the nominal separation between the parts according
to the predicted gap distribution. In this step, the entire gap is
assumed to be filled, either with a liquid shim or a combina-
tion of solid and liquid materials. Next, fastener installation is
simulated using rigid beam elements, which constrain all six de-

Locators

Fasteners

grees of freedom of the connected nodes. The assembled struc-
ture is then released from the assembly fixture and positioned
in a virtual inspection fixture. In this unloaded state, after the
relaxation of fixture-induced stresses, the resulting geometric
deviations are evaluated relative to the nominal geometry.

The assembly process is simulated using the CAT software
RD&T, which integrates an internal FEM solver, contact and
fastener modeling, and the method of influence coefficients
(MIC) to simulate the complete assembly process [17].

The proposed framework can be summarized as follows:

1. The maximum allowable shim thickness is computed for
each interface using Eq. 3;

2. Part deviations are simulated and each part is positioned
in a virtual fixture, with gaps evaluated via MIC, FEM and
contact modeling;

3. The fixture optimization (Eq. 4) adjusts locator positions
to minimize gaps while respecting the shim thickness con-
straints;

4. Shimming and fastening are simulated on the optimized
configuration, again via MIC, FEM and contact modeling,
and the resulting geometric deviations are evaluated after
fixture release.

Following this procedure, the framework is applied to a case

study of a simplified wingbox section assembly, described in
the next section.

3. Case study

The case study is a simplified wingbox section assembly,
comprised of five parts: upper and lower skins, front and rear
spars and rib, as seen in Fig. 2. All parts are made of carbon
fiber reinforced polymer (CFRP) bidirectional fabric impreg-
nated with epoxy resin. Ten different deviated parts are gen-
erated for each part, as described in Sec. 2.2, resulting in ten
assemblies.

Fig. 2. Assembly with positioning system (arrows) and fasteners (spheres)
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The fiber and resin properties are based on [18]. The rule-of-
mixture formulation with iso-strain assumptions (Voigt model)
was employed to calculate the fabric properties, which are listed
in Table 1. E denotes the elastic modulus, G is the shear modu-
lus and v is the Poisson’s ratio. The subscript 1 refers to the lon-
gitudinal, 2 to the transverse and 3 to the out-of-plane direction.
Each layer is 0.5 mm thick and classical laminate theory is used
to calculate the laminate properties. The composite anisotropic
behavior is taken into account by the FEM model, using shell
elements in the midplane.

Table 1. Layer properties (iso-strain assumptions)
Property Value Unit
E1 . E2 51.3 GPa
E; 159 GPa
G12 14.5 GPa
G13, G23 18.2 GPa
Vi2 0.024 -
V13, V23 0.155 -

The total thickness and layup of each part are detailed in Ta-
ble 2. The assembly is joined by 89 fasteners distributed across
the eight interfaces detailed in Table 3 and 1222 contact points
were identified. The fastener diameter and maximum allowed
shim thickness of each interface, according to Eq. 3, are also
shown in Table 3.

Table 2. Parts’ thickness and layup

Part Thickness [mm)] Layup [deg]
Rib 1.5 [0/90, +£45, 0/90]
Lower Skin 1.5 [0/90, +45, 0/90]
Upper Skin 1.0 [0/90, 0/90]
Front Spar 2.0 [0/90, +45];
Rear Spar 3.0 [0/90, =45, 0/90],
Table 3. Fasteners diameter and maximum shim thickness for each interface
Part 1 Part 2 d[mm] £ [mm]
Upper skin  Rear spar 4.0 0.70
Lower skin ~ Rear spar 5.0 0.82
Upper skin  Front spar 4.0 0.59
Lower skin  Front spar 4.0 0.64
Front spar Rib 4.0 0.64
Rear spar Rib 5.0 0.82
Lower skin Rib 4.0 0.59
Upper skin Rib 4.0 0.54

4. Results and discussion

After running the optimization algorithm, the locators were
adjusted, resulting in reduced gaps between parts. Fig. 3 shows
the RMS gaps for the nominal and adjusted fixtures. Across all
ten assemblies, the average RMS gaps decreased from 0.185
to 0.103 mm, representing an average reduction of 43%. The
maximum average gap was similarly reduced, from 0.62 to
0.35 mm.

Therefore, the algorithm successfully reduced assembly in-
terface gaps, staying within the maximum allowed adjustment
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Fig. 3. RMS gaps with nominal and adjusted fixture

of 2 mm. In all ten cases, the largest adjustment was 0.86 mm,
highlighting that significant improvements in gap reduction can
be achieved through relatively small fixture adjustments.

The gap distribution is illustrated in Fig. 4, while the corre-
sponding geometric deviations after release from the assembly
fixture are shown in Fig. 5. Although different patterns were
observed across the ten assemblies, only assembly 1, with the
highest fixture adjustment and geometric deviations RMS, is
shown for illustration.

Regarding geometric deviations, the average RMS nodal dis-
placements after release from the assembly fixture can be com-
pared between the shimmed assembly in the nominal fixture
and the assembly in the adjusted fixture. The average RMS dis-
placement increased from 0.641 mm in the nominal fixture to
1.004 mm in the adjusted fixture. Despite the reduction in lo-
cal gaps, the resulting geometry of the shimmed assembly was
degraded in most cases (7 out of 10), as shown in Table 4.

However, using the nominal fixture would require shims
thicker than the allowable limit, which would introduce a more
significant structural penalty on the fasteners (f > 20%). This
demonstrates that gap minimization and geometric accuracy are
not directly aligned objectives in compliant assemblies.

Table 4. Average RMS displacement, in mm, in nominal and adjusted fixture

Assembly Nominal fixture Adjusted fixture Difference
1 0.82 1.91 -1.09
2 0.88 1.59 -0.72
3 0.43 0.34 0.08
4 0.87 0.95 -0.09
5 0.97 1.08 -0.11
6 0.62 1.50 -0.88
7 0.68 0.54 0.14
8 0.32 0.42 -0.10
9 0.35 1.34 -0.99
10 0.47 0.36 0.11

Analyzing the results, a strong correlation was observed be-
tween the RMS magnitude of fixture-point adjustments and
the RMS Tsai-Hill criteria values [19] in the assembly fixture
(r = 0.75). Similarly, a significant correlation (r = 0.73) was
found between the RMS Tsai-Hill criteria and the RMS geo-
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Fig. 4. Gap distribution in assembly 1 with (a) nominal fixture and (b) adjusted fixture
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Fig. 5. Geometric deviations in shimmed assembly 1 with (a) nominal fixture and (b) adjusted fixture

metric deviations (nodal displacements). These correlations are
illustrated in Fig. 6.

Minimizing gaps often introduces forced contact conditions,
which locally increase bending and stresses. Upon fixture re-
lease, these stresses relax, potentially producing larger global
deviations even when assembly gaps have been reduced. Fur-
thermore, fixture adjustments displace the assembly from its
nominal geometry, further contributing to the observed devia-
tions. The resulting shimmed assembly geometry, however, is
likely influenced by several interdependent factors, including:
(1) part deviations relative to regions with larger gaps; (2) part
deviations relative to locator positions; (3) locator positions rel-
ative to regions with larger gaps; (4) direction of locator ad-

justments relative to nearby gap directions; and (5) local part
stiffness.

5. Conclusion

This study examined the trade-offs between gap minimiza-
tion, shim thickness constraints, and geometric accuracy in the
assembly of compliant composite structures. A methodology
was developed to determine maximum allowable shim thick-
ness based on fastener shear load capacity and integrated into a
fixture-optimization framework. While the approach effectively
reduced shim requirements, it often led to degraded global ge-
ometric accuracy. This reveals a fundamental conflict between
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Fig. 6. Correlations between fixture adjustment magnitude, geometric deviations and stress (Tsai-Hill)
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two key assembly objectives: reducing local gaps and preserv-
ing the final geometry. The nominal fixture maintains geometric
fidelity but requires shims beyond allowable limits, increasing
fastener loads, whereas the adjusted fixture yields structurally
acceptable shim levels but tends to distort the assembled shape.

The proposed framework enables shims to be defined and
manufactured before the parts enter the fixture, eliminating pre-
assembly steps. This capability is particularly valuable in a
digital-twin environment, where inspection data can flow di-
rectly into the assembly model and fixture settings can be pre-
pared in advance. Since large assemblies such as wingboxes al-
ready rely on individual inspections of major components, the
method introduces no additional measurement burden and can
also support selective assembly strategies.

The optimization may fail to find feasible solutions when
geometric deviations are large or when both gap and struc-
tural constraints are tight. Early identification of such cases is
beneficial, allowing design modifications or relaxed limits to
be considered before production. Potential mitigation strategies
include adjusting fixture ranges, prioritizing specific fastener
locations, or introducing weighted objectives to balance geo-
metric and structural criteria. More advanced adaptive or multi-
objective algorithms could further improve feasibility and per-
formance.

Future research should incorporate discrete shim thick-
nesses, such as peelable solid shims, and explore alternative
constraint formulations based on allowable assembly stresses
rather than shim thickness alone. Fastening with controlled gaps
could then be permitted when stresses remain below material
limits and sufficient margin is retained for operational loads.
A comprehensive multi-objective optimization, simultaneously
addressing joint strength, geometric accuracy, and stress levels,
together with a more detailed representation of shimming and
part-deviation propagation, would enhance the predictive capa-
bility and robustness of digital-twin-based assembly planning.
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