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Abstract

Static downbearing reaches the piano soundboard through the bridges; the re-
sulting structural state reflects both broad panel bending and local redistribu-
tion around ribs and other stiffness transitions. To examine these two response
scales, a three-dimensional linear-static finite-element model of the soundboard-
rib-bridge assembly of a UH121 upright piano was built in ANSYS Workbench.
The global Z component of the full-string downbearing was mapped onto the
bridge regions. Every one of the 438 source load points was transferred, and
the source and target Z-resultants were both —6413.5 N. Maximum total de-
formation was 1.4251, 1.5045, and 1.4551 mm for the coarse, baseline, and fine
meshes, respectively; none differed from the fine-mesh value by more than
3.40%. In the baseline model, Z displacement extended from —1.5045 to
0.01265 mm. The maximum and minimum principal stresses reached 17.894
and —22.151 MPa, and the corresponding principal elastic-strain extrema were
1264.4 and —1420.2 pe. The strongest local responses occurred near the bridges,
ribs, bridge-rib neighborhoods, and constrained perimeter, rather than at the
point of maximum displacement. Electrical strain measurements located a
high-response region in a bridge-rib neighborhood, providing qualitative ex-
perimental support for the spatial pattern predicted by the model. The sound-
board response was consequently characterized by global Z-direction bending
superimposed on local load redistribution: the bridges introduced the load,
whereas the panel and ribs carried it toward the surrounding structure. This
static description can support subsequent assessment of upright-piano sound-
boards and rib configurations.
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1. Introduction

Viewed structurally, the piano soundboard is the load-bearing link between string
excitation and radiation by the instrument body. The bridges introduce the string
forces, but their eventual distribution depends on the combined stiffness of the
orthotropic panel, ribs, bridge stiffening, and irregular perimeter. Rib spacing and
arrangement have been associated with changes in local stiffness and vibration
localization, while the bridges add a spatial filtering effect. A homogeneous-plate
representation consequently misses important features of load transfer in an ac-
tual soundboard [1]-[4]. Parametric and physically based investigations also indi-
cate that interpretable numerical predictions require explicit descriptions of the
panel, ribs, bridges, geometry, and material properties [5]. Most of that work ad-
dresses dynamics or acoustics; in playing condition, however, the structure must
first sustain the static downbearing produced by string tension. The accompany-
ing pre-deformation, response gradients, and redistribution of load define the struc-
tural state on which later vibration develops.

Because a soundboard combines several interacting load-bearing components,
both finite-element and analytical approaches have been used to describe its be-
havior. Berthaut et al coupled a soundboard-rib-bridge model with experimental
modal analysis to examine orthotropy, stiffening, and boundary representation
[6]. Work on upright-piano soundboards has likewise paired finite-element anal-
ysis with computer-aided design when considering material properties, geometry,
and rib layout [7] [8]. For non-rectangular orthotropic ribbed panels, the analyt-
ical and finite-element formulations developed by Trévisan et a/. clarified how ribs
and bridges partition the structural response [9] [10]. A more recent comparison
of soundboard representations in string-soundboard coupling models reached a
related conclusion: choices made when simplifying geometry, material behavior,
or structural detail affect not only the predicted response but also the range over
which the model remains applicable [11].

Manufacturing state and static downbearing form a second, closely related mod-
eling problem. In the finite-element model of Mamou-Mani et al, initial crown,
ribs, bridges, and downbearing were represented together; the analysis showed
that geometric stiffness and large-displacement treatment influence the prestressed
state and the dynamic predictions derived from it [12]. Tests on a simplified string-
instrument soundboard also found that prestress associated with crown and down-
bearing can alter modal properties [13]. Corradi et a/. followed bonding, crown, and
residual stress through successive manufacturing stages and compared the result-
ing model with experimental modal data [14]. Parametric finite-element studies
have meanwhile considered crown, downbearing, geometric nonlinearity, and
structural sensitivity [15]. These contributions make the importance of geometry,
downbearing, and construction detail clear, yet their endpoints remain predomi-
nantly dynamic. Deformation, stress/strain, and load transfer in a complete up-
right piano carrying the static load of all strings have received much less direct

attention.
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Experimental checks of piano-soundboard models have usually relied on natu-
ral frequencies, mode shapes, mobility, or string response [2] [3] [6] [9] [11] [14]
[16]. Those measurements are well-suited to dynamic model assessment, but they
say less about deformation, local stress/strain, and the route followed by full-string
static downbearing through a complete upright-piano soundboard. Direct access
to an assembled instrument is also restricted, so a static experiment inevitably
samples only selected locations. Used together, finite-element analysis and elec-
trical strain measurement can bridge these scales: the calculation resolves the global
bending field, while the gauges indicate where strong local responses actually oc-
cur.

Against this background, a three-dimensional static finite-element model was
developed for the soundboard-rib-bridge assembly of a UH121 upright piano,
with the vertical downbearing from all strings applied to the bridges. The analysis
addressed four questions: how the assembly bends globally in the Z direction;
where principal stress and principal strain become concentrated around bridges,
ribs, and neighboring regions; how load passes from the bridges through the sound-
board and ribs toward the perimeter; and whether the regional finite-element pat-
tern is consistent with electrical strain measurements. Only static structural be-
havior is considered here; tone, sound radiation, and dynamic performance fall

outside the stated scope.

2. Materials and Methods

2.1. Study Object and Numerical Environment

The object of analysis was the UH121 upright-piano soundboard-rib-bridge as-
sembly subjected to the static downbearing generated by all strings. Calculations
were performed in the Static Structural system of ANSYS Workbench, with AN-
SYS Mechanical/ MAPDL used for the solution.

2.2. Geometry, Assembly, and Simplifications

The three-dimensional geometry included the macroscopic forms of the sound-
board, ribs, and treble and bass bridges, and no symmetry reduction was intro-
duced. The components were modeled as a continuously bonded assembly, with
adhesive interfaces represented by perfectly bonded connections. Wood micro-
structure, explicit adhesive layers, and small geometric details were omitted so
that the model retained the principal load-bearing parts and transfer paths with-
out unnecessary geometric complexity.

The model geometry was reconstructed from the UHI121 production CAD
drawings. The soundboard measured-data drawing gives an overall reference en-
velope of 1429 mm #* 0.5 mm by 955 mm =+ 0.5 mm and specifies a nominal fin-
ished thickness of 8 mm, with a local 7 mm middle-register area noted on the
drawing. Eleven ribs were represented. Their nominal width x height dimensions
from ribs 1 to 11 were 20 x 19, 20 x 20, 22 x 20, 22 x 20, 24 x 23, 25 x 27, 25 x 25,
24 x 22,22 x 20, 20 x 19, and 20 x 19 mm,; the corresponding nominal lengths
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were 348, 506, 665, 823, 989, 1110, 996, 891, 786, 682, and 577 mm. The produc-
tion-drawing nominal dimensions were retained in the final simplified FE geom-
etry for the represented load-bearing components; no dimensional substitutions
or offsets were introduced. Differences were limited to the explicitly stated omis-
sion of small manufacturing details and the flat initial-soundboard assumption.

The bridge part drawings show layered and locally varying sections rather than
uniform rectangular members. In drawing UH121, representative paired widths
of 35/22 mm and 32/20 mm are marked for the middle-register and treble com-
ponent profiles, respectively; local section labels are 4.5 mm in the middle register
and 4.25 mm in the treble region. A representative bass-bridge section in drawing
UHI121 is 30 mm wide and 25 mm high, with a 16 mm central member and two 7
mm shoulders. The CAD profiles, not a single equivalent rectangle, were the geo-
metric basis; drilling, fasteners, and other small manufacturing details were omit-
ted from the FE model.

Manufacturing prestress, the sequence in which string tension was introduced,
and self-weight were not represented. Moisture evolution, damage to the material,
adhesive debonding, and failure were also beyond the intended analysis. Accord-
ingly, the calculated fields describe the prescribed geometry under linear-elastic

behavior, idealized connections, a peripheral constraint, and a vertical static load.

2.3. Governing Equations and Constitutive Law

A three-dimensional small-deformation, linear-elastic static formulation was
adopted for the baseline calculation, following the standard equations of linear
elasticity [17] [18]. After neglecting body force, the equilibrium over the domain
Q took the form

V.o=0 (1)

with
u=0u onl, (2a)
on=t onT, (2b)

The infinitesimal strain tensor was
1 ;
e==(Vu+Vu 3
S ) (3)

and the current solver used an isotropic linear-elastic law,

o=atr(e)l +2Ge (4)
E Ev .
where G=——— and A=————  With E=14150 MPaand
2(1+v) (1+v)(1-2v)

v=0.328, G=~5327.56 MPaand A=10159.53 MPa. The discretized equilib-
rium equation was Ku=F . A small-deformation linear-static formulation was
used; geometric nonlinearity and manufacturing-prestress effects were outside the
scope of this study [17] [18].

The maximum predicted deformation of 1.5045 mm is 0.105% of the drawing-
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based 1429 mm reference width and 0.158% of the 955 mm reference height. Rel-
ative to the nominal 8 mm finished thickness, the deformation-to-thickness ratio
is 0.188; the drawing also notes a local 7 mm middle-register area, for which the
corresponding ratio would be 0.215. The initial soundboard geometry was as-
sumed flat; the initial crown was not represented. These ratios support the use of
a first-order small-deformation baseline for the prescribed geometry, while not
demonstrating that crown and manufacturing prestress are negligible. Their omis-
sion can alter the initial geometry, tangent stiffness, and local load redistribution;
the reported solution should therefore be interpreted as a linear static baseline rather

than a complete prestressed-state prediction.

2.4. Material Model and Properties

The soundboard, ribs, and bridges were represented by a homogeneous isotropic
linear-elastic material with Young’s modulus E =14150 MPa and Poisson’s ra-
tio ¥=0.328. The same elastic constants were used for nominal-stress conver-
sion of the electrical measurements, ensuring a consistent elastic-parameter basis
for the numerical and experimental descriptions.

The effective constants were obtained from material-mechanical-property test-
ing performed by the manufacturer on wood specimens associated with the UH121
project. The final FE material parameters and the nominal-stress conversion of
the strain-gauge measurements used the same effective elastic constants. They
were applied as a common effective basis for the homogeneous isotropic baseline.
This uniform assignment is a modeling simplification rather than an assertion
that the soundboard, ribs, and bridges have identical orthotropic properties; com-
ponent-specific material sets would be required for quantitative prediction of local
stress.

Using one effective modulus provides a common static baseline for the exist-
ing assembly, but it cannot reproduce the different longitudinal, transverse, and
through-thickness stiffnesses of wood. Interpretation was therefore centered on
global deformation, the spatial extent of response regions, and the paths along
which load was transferred. Local stress maxima were retained as indicators of

response localization, not treated as material-strength limits.

2.5. Constraints and String-Downbearing Load

All translational degrees of freedom were constrained in the peripheral support
region (U, =U, =U, =0). This boundary condition idealized the attachment of
the soundboard to the piano structure as a fixed support.

The fully fixed perimeter was selected as an upper-restraint idealization of the
glued attachment to the surrounding piano structure. It establishes a stable base-
line but does not represent the finite translational and rotational compliance of
the real support. No alternative-boundary sensitivity calculation was performed;
consequently, global compliance and especially response features close to the con-

strained perimeter are boundary-condition dependent.

DOI: 10.4236/wjm.2026.169006

105 World Journal of Mechanics


https://doi.org/10.4236/wjm.2026.169006

W. Xiao et al.

Imported Load was used to place the string load on the loaded surfaces of the
treble and bass bridges, with only the global ,component retained. The mapping
transferred all 438 source load points to 1,882 target nodes, giving a 100% map-
ping rate. Both the source and target Z-resultants were —6413.5 N, and the scale
factor remained 1.0. When the 1,882 F; commands were summed directly, the
result was —6413.464969 N; its 0.000546% difference from the displayed resultant
shows that the mapping preserved the applied force.

The 438 source loads comprised 344 points along the treble bridge and 94
along the bass bridge, with downward Z-resultant magnitudes of 5004.811107 and
1408.653862 N, respectively. The instrument has 219 physical strings. Each string
passes over two bridge pins inserted into the bridge, so the two pin contacts define
two downward load locations and give 2 x 219 = 438 source points. For string i,
the tension was obtained from the ideal-string relation T =4uL*f?, where fis
the tuned fundamental frequency, L is the tabulated left-side string length, and u
is the linear mass density. With d| denoting the steel-core diameter, & and d; the
inner- and outer-winding diameters, and steel and copper densities of 7850 and
8820 kg/m?, respectively, the archived calculation used the corresponding core-
plus-helical-winding mass per unit length. The right-side string lengths and the
in-plane string trajectories were read directly from the UH121 CAD drawing. The
vertical components at the two pins were resolved from the adjacent string-seg-
ment tensions and inclinations determined from the bridge-to-reference height
differences A and A, with downward force taken as negative global Z. Only Frwas
retained because the present analysis isolates static downbearing normal to the
modeled soundboard; in-plane components and their potential bridge axial/shear
effects were outside the model scope. The original per-string file containing the
CAD-read right-side lengths and the intermediate pointwise angle calculations is
no longer available. Although the cast-iron frame carries the dominant axial string
tension, the horizontal deflection introduced by the bridge pins can transmit in-
plane side-bearing forces and local force couples to the bridge. The present model
retains only the global Z component to isolate normal static downbearing; these

in-plane effects are therefore outside the current model scope.

2.6. Mesh and Numerical Solution

Three SOLID187 higher-order tetrahedral meshes were prepared. The coarse,
baseline, and fine discretizations contained 82963 nodes/44371 elements, 161111
nodes/86598 elements, and 657691 nodes/378261 elements, respectively; nominal
element sizes were 15 mm for the coarse mesh and 5 mm for the fine mesh. Mesh
independence was judged mainly from the maximum total deformation, together
with the spatial form of the displacement field. The three maximum values were
1.4251, 1.5045, and 1.4551 mm. Measured against the fine mesh, the coarse and
baseline results differed by 2.06% and 3.40%, while the location of the high-defor-
mation region and the overall bending pattern changed little. On that basis, the

baseline mesh was used for the principal analyses, offering a practical balance be-
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tween response stability and computational demand. The mesh data and defor-

mation differences are summarized in Table 1.

Table 1. Three-level mesh comparison based on maximum total deformation.

Maximum Total Difference from
Mesh Nominal Size (mm) Nodes Elements Deformation (mm)  Fine Mesh (%)
Coarse 15 82963 44371 1.4251 2.06
Baseline Baseline Setting 161111 86598 1.5045 3.40
Fine 5 657691 378261 1.4551 —

Continuous displacement contours, spatial principal-stress and principal-strain
fields, and conservation of the mapped load formed the main basis for interpreta-
tion. Isolated nodal maxima were retained only to locate high-response regions
and were not read as evidence of material failure.

One static load step and one substep were used, ending at a load factor of 1.0.
The symmetric PCG iterative solver handled the linear equations with a conver-
gence tolerance of 107® and reached convergence after 209 iterations. The princi-

pal settings of the baseline model are summarized in Table 2.

Table 2. Principal settings of the baseline finite-element model.

Item Model Setting Description
Software ANSYS Workbench/Mechanical/ MAPDL Static structural
Analysis Three-dimensional linear statics; small deformation Full-string static downbearing
Element and Mesh SOLID187; 161111 nodes; 86598 elements Higher-order tetrahedral discretization
Elastic Properties E =14150 MPa; v=0.328 Homogeneous isotropic linear elasticity
Body Forces Not applied Self-weight and inertia excluded
Boundary U, =U, =U, =0 at the perimeter Idealized fixed support
Imported Load Global Fzonly; —6413.5 N; 438/438 mapped 100% source-to-target mapping
Solver Symmetric PCG; tolerance 107%; 209 iterations Converged linear solution
Experimental Comparison DH3818Y system; 77 measurement channels 76 valid channels; regional comparison

2.7. Post-Processing and Response Quantities

Post-processing covered total deformation, global Z displacement, maximum and
minimum principal stress, von Mises equivalent stress, and maximum and mini-
mum principal elastic strain. Global bending was described from total deformation
and Z displacement; principal stress and strain were examined to locate responses
near the bridges, ribs, stiffness transitions, and constrained perimeter. Reading
these fields alongside the mapped load made it possible to trace load passage from
the bridges into the soundboard, nearby ribs, and peripheral region. The equiva-
lent stress field was kept as a secondary marker of multiaxial response rather than

used as a wood-failure criterion.
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2.8. Electrical Strain Measurement

Local response of the UH121 soundboard under full-string static loading was ex-
amined by electrical strain measurement. Four computer-based DH3818Y strain-
acquisition units, each with 24 channels, communicated with a computer through
an Ethernet switch. The 120 Q resistance gauges were connected in quarter-bridge
circuits with common temperature compensation. Their measurement range was
+60000 pe, maximum resolution was 0.1 e, and specified system uncertainty was
no greater than 0.5% * 3 pe. Gauge bonding was completed after all strings had
been unloaded. The acquisition units were then connected, followed by bridge
balancing and zero acquisition. Measurements were collected with the piano fully
tuned and repeated at consecutive stabilized states.

Eighty-seven resistance gauges were installed in total, comprising 77 measure-
ment gauges and 10 gauges for temperature compensation. The measurement set
included 20 three-element strain rosettes, accounting for 60 channels, together

with 17 single gauges. Figure 1 shows that most measurement positions lay on ribs

ewew*a
o90%0%%

7

F

T
T

(b)

Figure 1. Electrical strain-measurement arrangement for the UH121 soundboard. (a) Rib-
side installation of resistance gauges and measurement leads connected to four DH3818Y
acquisition units; (b) Measurement-channel locations on the soundboard, with labels indi-
cating channel numbers. The correspondence between rosette channels and measurement
directions is listed in Table 3.
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opposite the bridge regions. A single gauge followed either the parallel or perpen-
dicular direction of its local rib. With the local x-axis defined parallel to the rib,
the first, second, and third ascending channel numbers in a rosette corresponded
to &, (rib-perpendicular), &s, and & (rib-parallel), respectively [19]. Single-gauge
channels were numbered 4, 8, 9, 13, 17, 18, 25, 26, 36, 46, 56, 66, 67, 71, 72, 73,
and 77. Channel 26 was faulty and was removed from the dataset, leaving 76 valid
measurement channels. Table 3 lists the full relationship between each rosette and

its channel numbers.

Table 3. Strain-rosette identifiers and measurement-channel distribution.

Rosette &o: Perpendicular to Rib &s: 45° to Rib &: Parallel to Rib
R1 1 2 3
R2 5 6 7
R3 10 11 12
R4 14 15 16
R5 19 20 21
R6 22 23 24
R7 27 28 29
R8 30 31 32
R9 33 34 35
R10 37 38 39
R11 40 41 42
R12 43 44 45
R13 47 48 49
R14 50 51 52
R15 53 54 55
R16 57 58 59
R17 60 61 62
R18 63 64 65
R19 68 69 70
R20 74 75 76

2.9. Regional Comparison of Finite-Element and Electrical
Measurement Results

For a pointwise comparison to be meaningful, numerical and measured strains
must share the same location, structural surface, and sensing direction. If 2 de-
notes a unit vector along the gauge axis, the finite-element strain projected in that
direction is

g,=N'eN (5)

Equation (5) resolves the finite-element strain tensor along the gauge axis and
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thus gives the axial strain comparable with a resistance-gauge reading [17] [19].
Here, high-response measurements were assessed against the principal-strain and
principal-stress fields by considering their location, tensile or compressive sign,
and approximate magnitude. The comparison was regional, since an error com-
puted between unpaired global extrema would not represent a pointwise numeri-
cal-experimental difference.

In the present study, however, gauge-oriented finite-element strains were not
extracted at the measurement coordinates. Equation (5), therefore, states the pro-
jection required for a future pointwise comparison rather than a calculation im-
plemented in the current dataset; no pointwise finite-element-to-gauge prediction
errors are reported.

The electrical strains were converted to nominal stress using E =14.15 GPa
and v =0.328, consistent with the finite-element elastic inputs. To reduce the
influence of this shared material assumption, the regional comparison emphasized
gauge location, orientation, and tensile/compressive character, while the converted
stresses were used only to describe response magnitude.

2.10. Data and Model Availability

The complete Workbench/Mechanical model contains restricted product geome-
try and engineering information and is therefore not publicly released. To permit
technical assessment of the work, the paper reports the software, element type,
mesh size, material representation, boundary condition, load definition, solution
settings, and principal derived results. Subject to the relevant permissions, author-
ized derived data may be made available.

3. Results
3.1. Model and Load Mapping

The UH121 model retained the soundboard, ribs, and treble and bass bridges
without symmetry reduction (Figure 2(a), Figure 2(b)), while the peripheral sup-
port region constrained all translational degrees of freedom (Figure 2(c)). For
full-string static loading, every one of the 438 source points was transferred to a
bridge surface. Source and target global Z-resultants were identical at —6413.5 N,
with a scale factor of 1.0 (Figure 2(d)). Direct summation of the 1,882 F, com-
mands gave —6413.464969 N, only 0.000546% away from the interface value. The
resultant force was therefore conserved by the imported-load mapping.

3.2. Mesh Independence and Global Z-Direction Bending

Maximum total deformation over the three meshes lay between 1.4251 and 1.5045
mm, and the largest difference from the fine-mesh result was 3.40%. More im-
portantly, neither the high-deformation zone nor the overall bending pattern
shifted appreciably with refinement, so the global deformation showed limited
mesh sensitivity. With the baseline mesh, maximum total deformation reached
1.5045 mm (Figure 3(a), Figure 3(b)), and global Z displacement ranged from
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a 3D model, rib side b 3D model, bridge side

¢ Peripheral fixed support | d  100% imported-load mapping

Figure 2. UH121 soundboard model, boundary condition, and imported load. (a) Three-dimensional model viewed from the rib
side; (b) Model viewed from the bridge side; (c) Peripheral fixed support; (d) 100% imported-load mapping. All 438 source points
were mapped, and the source and target Z-resultants were both —6413.5 N.

( a Total deformation, rib side b Total deformation, bridge side

80000 (mm) 80000 (mm)
] ]

c Zdisplacement, rib side | /d Z displacement, bridge side

L

Figure 3. Static deformation under the mapped full-string static downbearing. (a) (b) Total deformation on the rib and bridge sides,
respectively; (c) (d) Global Z-direction displacement on the rib and bridge sides, respectively. The maximum total deformation was
1.5045 mm, and the Z displacement ranged from —1.5045 to 0.01265 mm.
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—1.5045 to 0.01265 mm (Figure 3(c), Figure 3(d)). The largest downward Z dis-
placement was almost identical in magnitude to the maximum total deformation,
which identifies Z-direction bending as the dominant global response. A broad,
continuous downward-displacement region covered the main soundboard area,
while its contours changed locally where they crossed rib projections.

3.3. Principal Stress and Strain Localization

Principal stress reached a maximum of 17.894 MPa and a minimum of —22.151
MPa (Figure 4); in magnitude, the compressive peak was about 1.24 times the ten-
sile peak. The strongest responses appeared mainly around the bridges, ribs, bridge-
rib neighborhoods, and constrained perimeter, rather than coinciding with the lo-
cation of maximum displacement. A maximum equivalent stress of 20.548 MPa
was also obtained (Table 4), but this field was used only to indicate localized mul-

tiaxial response.

a Maximum principal stress, rib side

] ( b Maximum principal stress, bridge side

Minimum principal stress, rib side

o

20000

090 40000
—— E— )

d  Minimum principal stress, bridge side

800.00 (mm)

80000 (mm)

Figure 4. Principal-stress distributions. (a) (b) Maximum principal stress on the rib and bridge sides, respectively; (c) (d) Minimum
principal stress on the rib and bridge sides, respectively. The extrema were 17.894 and —22.151 MPa. Principal stress is used to
identify high-response regions and not as a material-failure criterion.

The principal elastic-strain extrema were 1,264.4 and —1,420.2 pe (Figure 5).
Localized bands in the principal-strain maps followed the bridge and bridge-rib
regions, where principal-stress concentrations also appeared. Reading the dis-
placement, stress, and strain fields together gives a coherent transfer sequence:
load enters through the bridges, spreads through the soundboard and adjacent

ribs, and continues toward the constrained perimeter. These connected response
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regions, rather than a single isolated maximum, define the main load paths in the

baseline model.

a Maximum principal elastic strain

b Minimum principal elastic strain

80000 (mm)
)

60000

Figure 5. Principal elastic-strain distributions. (a) Maximum principal elastic strain; (b) Minimum principal elastic strain. The
extrema were 1264.4 and —1420.2 pe.

Table 4. Principal outputs of the 100%-mapped baseline model.

Quantity Value Physical Interpretation
Source/target £z —6413.5/-6413.5 N Conservation of the mapped resultant
Maximum total deformation 1.5045 mm Global deformation magnitude
Z displacement —-1.5045 to 0.01265 mm Global bending response
Maximum/minimum principal stress 17.894/-22.151 MPa Local tensile/compressive response regions
Maximum/minimum principal strain 1264.4/-1420.2 pe Local strain-concentration regions
Maximum equivalent stress 20.548 MPa Auxiliary multiaxial-stress indicator

3.4. Electrical Strain-Measurement Results

The electrical experiment used 77 measurement channels distributed among 20
three-element rosettes and 17 single gauges. Excluding faulty channel 26 left 76
valid channels. Within each rosette, ascending channel numbers represented &,
&s, and & in that order, corresponding to rib-perpendicular, 45°, and rib-parallel
directions (Table 3). Rosette 16 occupied channels 57 - 59, and rosette 17 occupied
channels 60 - 62; channels 57 and 60 were consequently both rib-perpendicular
&o measurements.

Nominal stresses converted from the electrical strain readings were 11.30 MPa
in tension at channel 57 and —6.56 MPa in compression at channel 60. The two
rosettes lay on the same rib near the junction of the medium-to-high and bass string
groups. Between consecutive stabilized measurements, channel 57 decreased by
0.26 MPa, or approximately 2.25%, while channel 60 changed by —0.02 MPa, ap-
proximately 0.31% in magnitude. This experimentally observed high-response re-
gion occupied the same general bridge-rib and local transfer area highlighted by
the finite-element fields.

Three measurement sessions were available. After excluding faulty channel 26,
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76 valid channels remained. The final two consecutive stabilized states gave mean
absolute stresses of 3.151 and 3.019 MPa. Across the 76 paired channels, Pearson’s
r was 0.99849; the mean third-minus-second difference was —0.224 MPa (SD 0.213
MPa; 95% CI —0.273 to —0.175 MPa), the mean absolute difference was 0.252 MPa,
and the root-mean-square difference was 0.309 MPa. The largest absolute change
was 0.75 MPa. These statistics describe short-term agreement between two stabi-
lized measurement sessions and do not represent independent-specimen repeata-

bility.
3.5. Regional Numerical-Experimental Comparison

Bridge-rib neighborhoods emerged as high-response regions in the finite-element
principal-stress and principal-strain fields; pronounced tensile and compressive
readings were also obtained experimentally within the same part of the structure.
The comparison was regional, based on spatial distribution and response sign.
Gauge-oriented finite-element values at channels 57 and 60 were not available; the
model-wide principal extrema were therefore not treated as matched predictions,
and no pointwise errors were calculated. Agreement in the location of high-re-
sponse regions provides qualitative experimental support for the local load-trans-

fer pattern predicted by the model.

4. Discussion
4.1. Principal Findings

The UH121 soundboard displayed a clear separation between its global and local
static responses under full-string downbearing. Maximum total deformation nearly
matched the magnitude of the greatest downward Z displacement, showing that
transverse bending governed the overall motion. The largest principal stress and
strain magnitudes, by contrast, clustered around bridges, ribs, bridge-rib neigh-
borhoods, and the constrained perimeter rather than around the maximum-de-
flection point. Electrical measurements also detected a pronounced response on a
rib near the intersection of string groups, within a high-response area of the finite-
element fields. The combined evidence depicts the bridges as load-entry compo-
nents and the soundboard-rib structure as the path by which that load is redis-
tributed toward the perimeter.

4.2. Global Bending and Local Load Redistribution

Two structural behaviors can be distinguished in the response fields, even though
they arise from the same applied load. The broad Z-displacement region expresses
the bending compliance of the assembly as a whole, whereas narrow stress and
strain bands identify sharper stiffness transitions and local redistribution. In this
setting, the ribs do more than raise global stiffness: their projections alter nearby
deformation contours, and the surrounding material participates in the localized
stress and strain fields. The bridges likewise have a dual role, receiving the mapped

downbearing at their surfaces while providing relatively stiff routes into the panel
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and ribs.

Earlier piano-soundboard studies provide a useful mechanical context for this
spatial pattern. Berthaut ef al [6] found that realistic structural prediction de-
pends on explicit representation of the panel, ribs, bridges, and material direc-
tions. Trévisan et al [4] [9] related the partitioning of ribbed orthotropic panels
to rib arrangement, while Chaigne et al [2] connected ribs with the spatial locali-
zation of the response. Their analyses were mainly dynamic, yet the underlying
observations about stiffness distribution and structural partitioning are compati-
ble with the static fields obtained here.

4.3. Downbearing, Material Representation, and Geometric
Effects

No resultant-force loss occurred during imported-load transfer, as shown by the
identical source and target resultants. More elaborate piano-soundboard models
have included initial crown, downbearing, and geometric stiffness [12], and Cor-
radi et al [14] also represented orthotropic behavior and manufacturing stress.
The present calculation instead uses a linear-static description without manufac-
turing prestress, self-weight, or the tuning sequence. Its results should conse-
quently be read as a static baseline for the existing rib layout and prescribed ge-
ometry under vertical downbearing.

The choice of material representation also shapes the meaning of the local re-
sults. Direction-dependent spruce properties, often with separate parameter sets
for panel, ribs, and bridges, have been used in earlier piano-soundboard models
[6] [11] [12] [14]. Here, a common isotropic effective modulus of 14.15 GPa and
Poisson’s ratio of 0.328 established a uniform structural baseline. That simplifica-
tion suppresses the longitudinal-transverse stiffness contrast of wood and can in-
fluence local strain direction and stress redistribution. For this reason, local max-
ima are interpreted through the extent and continuity of the surrounding field,

not as self-sufficient nodal quantities.

4.4. Interpretation of the Experimental Comparison

Electrical strain measurement adds an independent regional view of the high-re-
sponse area predicted numerically. The selected tensile and compressive channels
belonged to rosettes on the same rib near the intersection of string groups, within
a principal load-transfer region of the computed fields. Across all 76 valid chan-
nels, the final two consecutive stabilized states yielded Pearson’s r = 0.99849, a
mean third-minus-second difference of —0.224 MPa (SD 0.213 MPa; 95% CI
—0.273 to —0.175 MPa), and a mean absolute difference of 0.252 MPa. These sta-
tistics indicate short-term agreement between two stabilized measurement ses-
sions; they do not represent independent-specimen repeatability.

Sampling and direction must be kept in view when reading the numerical-ex-
perimental comparison. Principal strain is an eigenvalue of the strain tensor, whereas

a resistance gauge records normal strain only along its own axis. The finite-ele-
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ment extrema also cover the complete model, unlike the discrete experimental po-
sitions. Accordingly, the comparison uses the spatial distribution and tensile/com-
pressive character of responses within the same structural region; differences be-
tween unpaired global extrema are not reported as prediction errors. Equation (5)
provides the required projection when gauge-oriented finite-element strain is
needed.

Several factors could contribute to differences in numerical and measured mag-
nitude, including material anisotropy, boundary stiffness, manufacturing state,
load idealization, local geometry, and gauge orientation. The available regional
comparison does not separate those effects, but it does identify locations where

both datasets consistently show a strong response.

4.5. Engineering Relevance

At the scale of the complete UH121 rib-soundboard-bridge structure, the baseline
model captures both overall compliance and localized response. Maximum deflec-
tion occurs away from several stress/strain concentrations, which means that global
displacement alone is insufficient for static assessment. Bridge-rib neighborhoods
and comparable stiffness-transition regions deserve particular attention when rib
design, local reinforcement, or the placement of future measurements is considered.

The present analysis supplies a static reference for the existing structure; it does
not compare competing rib designs. Rib spacing, cross-section, orientation, and
local stiffness can later be examined with the same loading and response measures.
Since only static behavior was modeled, no inference is made here about tone,
modal properties, or sound radiation.

4.6. Limitations and Future Work

The scope of the conclusions is bounded by several modeling choices. Isotropic
linear elasticity and an idealized fixed perimeter were used, whereas orthotropic
wood behavior, adhesive compliance, manufacturing prestress, self-weight, and
the tuning sequence were omitted. The three-level mesh comparison showed a
stable global displacement field, although isolated local stress peaks may still de-
pend on discretization; load transfer was therefore read from continuous field pat-
terns. Electrical measurements were compared with the finite-element response
by region rather than by calculating pointwise errors for every gauge. These re-
strictions matter most when interpreting local maxima and numerical prediction
error, while the reported global bending pattern and high-response regions re-
main direct descriptive outputs of the baseline model.

Because no compliant-boundary calculation was available, local extrema near
the perimeter should be considered boundary-condition dependent. Likewise, the
experiment supports only a regional response pattern in the current dataset; quan-
titative validation awaits gauge-coordinate mapping and gauge-oriented strain-
tensor projection.

A pointwise axial-strain comparison would require the gauge coordinates and
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sensing directions to be mapped onto the finite-element surface. Further model
development could also introduce orthotropic properties, compliant connections,
an initial crown, and manufacturing prestress. With those additions, alternative
rib configurations could be compared within a common loading framework, with

tighter control over the numerical-experimental correspondence.

5. Conclusions

Full-string static downbearing produced a UH121 soundboard response governed
globally by Z-direction bending. Locally, principal stress and strain are concen-
trated around the bridges, ribs, bridge-rib neighborhoods, and peripheral support.
The pattern indicates that the bridges introduced the string load and that the panel
and ribs then redistributed it through the assembly. Electrical strain measure-
ments located a high response in the same general structural region, providing
qualitative support for the spatial pattern predicted by the finite-element model.
Maximum deflection and the principal local stress/strain concentrations did
not occur at the same position, so a single response quantity cannot adequately
describe the static state of the soundboard. The three-level mesh comparison sup-
ported the stability of global deformation. Taken together, the baseline calculation
and the observed division between global bending and local redistribution provide
a reference for gauge-oriented comparison, more detailed material descriptions,

and later investigations of rib configuration.
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