American Journal of Mechanical and Industrial Engineering Sci PC
2026, Vol. 11, No. 5, pp. 104-112 cience

https://doi.org/10.11648/j.ajmie.20261105.11 Science Publishing Group

Research/Technical Note

Structural Performance of an Articulating Aluminum Stair
System Under Variable Inclination Angles

Nikhilkumar Patel”

SafeSmart Access USA, Santa Fe Springs, United States

Abstract

Articulating stair systems provide temporary access across changing elevations by allowing the stair frame to rotate while the
walking treads remain approximately level. The resulting structure is not geometrically fixed: deployment angle changes
effective member length, load path, bending demand, and stability. This study develops an angle-aware structural verification
framework for an 18-step, 36 in wide aluminum stair system and compares two documented finite-element design states at 55
and 30< The baseline structure uses 6061-T6 aluminum and was evaluated in SAP2000 using the load framework and member
resistance procedures documented in the source structural calculation package, including ASCE/SEI 7-16, the 2022 California
Building Code, and the 2020 Aluminum Design Manual. The governing side beam/stringer combined demand-to-capacity ratio
increased from 0.731 at 55°to 0.948 at 30 < corresponding to a 29.7% increase in critical utilization and a reduction in remaining
unity margin from 26.9% to 5.2%. Decomposition of the interaction check showed that major-axis bending governed the change:
the major bending demand-to-capacity contribution increased from 0.661 to 0.892, while major bending demand increased from
1.353 to 1.785 ft-kip. At the same time, the reported axial-compression capacity of the side member decreased from 1.756 to
0.673 kip because of the longer effective member length and associated buckling response in the shallow configuration. Tread-
member utilization remained low, decreasing from 0.034 to 0.017. The results demonstrate that the shallow-angle configuration,
rather than the steep-angle configuration, controls the baseline unbraced system. The scientific contribution is a configuration-
dependent interpretation of articulating stair behavior in which inclination is treated as an explicit structural design variable. The
proposed framework can be extended to full-angle parametric analysis, reinforced configurations, connection assessment, fatigue
studies, and experimental validation.
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1. Introduction

Industrial plants, construction sites, excavation works, and run, whereas a reconfigurable stair must maintain accepta-
transport facilities, and maintenance areas frequently require ble tread orientation, strength, stiffness, and stability over
temporary access between elevations that change during a pro- multiple deployment geometries. This requirement is espe-
ject. A conventional fixed stair is optimized for a single rise  cially important for lightweight aluminum structures because
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their relatively low elastic modulus makes member stability
and deflection sensitive to effective length and restraint con-
ditions. Recent research has emphasized the high strength-to-
weight ratio and structural potential of aluminum alloys while
also identifying buckling, joint behavior, and reliable numeri-
cal modeling as central design issues [9]. Experimental and
numerical studies published since 2023 have examined alumi-
num channel columns, perforated flexural members, beam-
column joints, axial-compression members, circular-hollow-
section beam-columns, and high-strength square-hollow-sec-
tion beam-columns [10-15]. Recent staircase research has
likewise combined full-scale testing with finite-element anal-
ysis to evaluate lightweight prefabricated stair systems [16,
17]. These studies provide an important methodological foun-
dation, but they do not quantify the structural response of a
portable articulating aluminum stair as a function of deploy-
ment angle.

Adjustable stair mechanisms have prior art and should not
be treated as a newly discovered mechanical concept. Earlier
adjustable-stair patents describe pivotally connected stair sup-
ports and variable geometry [5], while modern commercial
systems use related articulation principles to maintain usable
tread orientation over changing elevations [8]. Accordingly,
the scientific question addressed here is not whether an adjust-
able stair can be constructed, but how the structural demand
and member stability of a lightweight aluminum stair change
when the same assembly is deployed at substantially different
inclination angles. Recent structural-aluminum research has
examined experimentally and numerically validated channel-
column buckling [10], flexural behavior of H-shaped alumi-
num members [11], beam-column joint response in aluminum
portal frames [12], axial-compression behavior of high-
strength aluminum columns [13], and beam-column response
of circular and square hollow aluminum sections [14] and [15].
These studies demonstrate the importance of section geometry,
member slenderness, connection behavior, and validated nu-
merical modeling when interpreting the response of light-
weight aluminum structures.

The system examined in this paper is an 18-step, 36-in-wide
aluminum stair with folding handrails, top fixing brackets,
large support feet, and a documented operating inclination
range of approximately 30<to 55< These configuration details
are defined in the controlled engineering drawing [6] and the
manufacturer technical literature [8]. The associated structural
calculation package evaluates the baseline stair without the
optional H-brace using SAP2000 and aluminum-code member
checks [7].

The principal contribution of this study is an angle-aware
verification framework that treats inclination as an explicit
structural state variable. The work: (1) defines the kinematic
relationship among stair rise, horizontal reach, and inclination;
(2) compares member utilization at the documented 55<and
30<configurations; (3) decomposes the governing combined
interaction into axial and flexural contributions; and (4) for-
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mulates a configuration-envelope criterion for future paramet-
ric verification. Unlike recent studies that focus on fixed alu-
minum members or conventional prefabricated stairs [10-17],
the present study evaluates how reconfiguration of a single ar-
ticulating aluminum stair changes the governing structural
limit state.

2. Materials and Methods

2.1. System Architecture and Configuration

The evaluated stair is a portable articulating aluminum as-
sembly containing two longitudinal side beams/stringers, re-
peated transverse tread members, folding handrails and mid-
rails, upper fixing brackets, and lower support feet. The tread
assemblies are connected to the articulating frame so that the
walking surfaces remain approximately level as the stair incli-
nation changes. The system therefore combines a variable-ge-
ometry mechanism with load-bearing structural members and
must satisfy both kinematic and structural requirements [6, 8].

The product architecture also includes optional structural
reinforcement for longer or higher-load configurations. The
present paper deliberately isolates the unbraced baseline struc-
ture because the supplied structural report provides angle-spe-
cific member checks for that state. Reinforced configurations
should be treated as a separate structural family because the
brace changes load distribution, effective length, and lateral
restraint [7, 8].

Figure 1. Representative engineering drawing of the 18-step, 36-in-
wide articulating aluminum stair used in the structural study [6].
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2.2. Kinematic Geometry

For an idealized stair centerline of effective length L de-
ployed at angle 6 above the horizontal, the first-order geomet-
ric projections are given by Egs. (1)-(3).

H=Lsin6 1)
R=Lcos6 2)
H/R=tan6 (3)

Here H is the vertical rise, and R is the horizontal reach.
These equations are used to describe the mechanical role of
inclination and are not used to reconstruct proprietary model
coordinates. The supplied structural report labels both com-
parison analyses with a height of 14ft-4in while assigning dif-
ferent inclination angles. Because complete nodal coordinates
were not provided, the present manuscript preserves the doc-
umented analysis states rather than silently correcting or re-
creating the finite-element geometry.

Idealized variable-inclination geometry with level treads
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Figure 2. Idealized variable-inclination geometry showing horizontal tread orientation at 30°and 55< The schematic is explanatory and is

not a reconstruction of the proprietary finite-element model.

2.3. Material Properties and Design Basis

The source calculation package specifies 6061-T6 wrought
aluminum for the principal members. Structural loading is
based on ASCE/SEI 7-16 [1] and the 2022 California Building

Table 1. Material, loading, and member data extracted fi

Property Documented value
Aluminum alloy 6061-T6 wrought
Yield strength, fy 35,000 psi

Ultimate tensile strength, fu 42,000 psi

Elastic modulus, E 1.0 <1077 psi

Unit weight 0.284 Ib/in3
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Code (CBC) [2], while aluminum member resistance and sta-
bility are evaluated using the Aluminum Design Manual 2020
[3]. The supplied report lists a yield strength of 35,000 psi, an
ultimate tensile strength of 42,000 psi, an elastic modulus of
1.0 x< 1077 psi, and a unit weight of 0.284 Ib/in® [7]. These
values are consistent with the broader structural use of heat-
treated aluminum alloys described in recent literature [9-15].

rom the supplied structural calculation package [7].

Role in analysis

Primary structural material

Member yielding and stability checks
Tension/rupture checks in report summary
Elastic stiffness and buckling

Dead-load basis
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Property Documented value
Dead load 5 psf

Live load 40 psf

Side beam nominal section 3 x1x0.13in
Tread nominal section 9 %2 x%0.13in

2.4. Finite-Element Model and Acceptance
Criterion

Figure 3. SAP2000 model views for the documented 55°and 30
structural analysis states [7].

U max = max_ {6 € O} [U stringer(0), U tread(8), U connection(0), U rail(8)]

The supplied dataset contains two discrete inclination states,
so the present study does not assume a continuous interpola-
tion law between 30°and 55< The configuration-envelope ex-
pression is proposed as the verification framework for future
parametric analysis.

2.5. Aluminum Stability Interpretation

The detailed SAP2000 output includes axial compression,
flexure, shear, local buckling, lateral-torsional buckling, and
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Role in analysis

Documented design action
Documented design action
Primary longitudinal member

Transverse walking member

The structural model was developed in SAP2000 using
frame representations of the side beams and tread members.
Member forces were obtained from the global finite-element
solution and checked individually using the aluminum design
implementation reported in the structural calculation package
[7]. The two documented comparison states are a 55 config-
uration and a 30 “configuration. This global-analysis/local-re-
sistance workflow is consistent with recent aluminum re-
search in which experimentally validated or code-checked fi-
nite-element models are used to investigate buckling, com-
bined compression and bending, and connection response [10-
15]. The use of finite-element demand extraction followed by
member-level resistance assessment is consistent with recent
aluminum-structure studies in which numerical models are
used together with experimental or code-based verification to
evaluate buckling, flexure, and joint behavior [10, 12-15].

For a structural member i at inclination 0, the study defines
the utilization ratio U_i(0) as the ratio of design demand Q d
to available resistance Q_r. Structural adequacy requires U <
1.0. A reserve factor R is used to express the remaining nor-
malized margin to the unity limit.

U_i(0)=Q_d,i(0)/Q r,i(0)<1.0 4)

R i(0)=1-U_i(0) (5)

For the complete reconfigurable stair, the governing con-
figuration is defined by the maximum utilization over all ad-
missible angles and checked component groups:

(6)

combined compression-bending checks under the Aluminum
Design Manual [3, 7]. For interpretation of inclination sensi-
tivity, the classical Euler relation is useful because it shows
that elastic buckling resistance varies inversely with the
square of effective length [4]. Recent aluminum-member stud-
ies similarly identifying member slenderness, local buckling,
geometric imperfections, and combined axial-flexural interac-
tion as key variables governing structural resistance [10, 13-
15].
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P cr=n?El/(KL)? @

Although the final capacities are obtained from the ADM
code checks rather than the Euler equation alone, the inverse-
square dependence on effective length explains why a shallow
configuration can lose compression stability even when its ap-
plied axial force decreases. The equation is therefore used as
a transparent mechanics-based interpretation of the numerical
results, not as a substitute for the code-based member verifi-
cation.

3. Results

3.1. Angle-Dependent Member Utilization

The structural response changes materially with inclination.
At 55< the governing side-beam/stringer combined demand-
to-capacity ratio is 0.731. At 30< the same member family
reaches 0.948. The tread-member utilization is small in both
cases, with reported ratios of 0.034 and 0.017, respectively [7].
These results show that changing the deployment geometry
redistributes structural demand even though the same basic
stair assembly is being evaluated.

Table 2. Reported member utilization at the two documented inclination states [7].

Angle Side beam U Tread U
55° 0.731 0.034 0.269
30° 0.948 0.017 0.052

The relative increase in critical stringer utilization between
the two states is

AU rel = (0.948 — 0.731) /0.731 = 0.297 = 29.7% (8)

Side-beam reserve, R

Governing observation

Side beam governs

Side beam governs; near unity

Thus, the shallow-angle case is 29.7% more highly utilized
than the steep-angle case, while the remaining unity margin
contracts from 26.9% to only 5.2%.

Angle-dependent member utilization

---= Unity limit
Il Side beam/stringer
. Tread member

1.0+

0.8 1

0.6

0.4 4

Combined demand/capacity ratio

0.2 1

0.0 -

55°

30°

Figure 4. Reported combined demand-to-capacity ratios for the side beam/stringer and tread members at 55 <and 30°[7].

3.2. Decomposition of the Governing Side-Beam
Interaction

The increase in total utilization is controlled primarily by
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major-axis bending rather than by an increase in axial com-
pression. The reported axial-compression demand decreases
from 0.095 kip at 55<to 0.032 kip at 30< In contrast, major
bending demand increases from 1.353 to 1.785 ft-kip, and the
major-axis bending demand-to-capacity contribution in-
creases from 0.661 to 0.892 [7]. This interaction between
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bending and member stability is consistent with the behavior

emphasized in recent studies of aluminum beam-columns sub-
jected to combined axial and flexural actions [14, 15].

Table 3. Side-beam interaction quantities extracted from the source SAP2000 member checks [7].

Quantity 55°case
Combined interaction ratio 0.731
Axial compression D/C 0.054
Major-axis bending D/C 0.661
Minor-axis bending D/C 0.015
Axial compression demand 0.095 kip
Axial compression capacity 1.756 kip
Major bending demand 1.353 ft-kip
Major bending capacity 2.045 ft-kip

30°case Change / interpretation
0.948 +29.7%

0.047 Slight decrease

0.892 +34.9%; dominant contribution
0.008 Decreases

0.032 kip Demand decreases

0.673 kip 61.7% reduction

1.785 ft-kip 31.9% increase

2.000 ft-kip Approximately unchanged

Structural quantities controlling side-beam utilization

M 55° case
e 30° case

1759

1.50 A

1.251

1.00 1

0.75 1

0.50 -

0.25 A

Major bending
D/C capacity (kip)

Axial compression

Major moment
demand (ft-kip)

Figure 5. Structural quantities controlling side-beam utilization in the 55<and 30 “states.

The documented major effective length of the critical side
member increases from 17.205 ft in the 55 “analysis to 27.785
ft in the 30<analysis. The corresponding reported axial-com-
pression capacity falls from 1.756 kip to 0.673 kip [7]. This
trend is consistent with classical column mechanics [4] and
with recent experimental and numerical research showing the
strong influence of slenderness and buckling mode on alumi-
num-member resistance [10, 13-15].

3.3. Tread Response

The tread members remain lightly utilized. The combined
ratios of 0.034 at 55°and 0.017 at 30 <indicate substantial lo-
cal reserve relative to the side beam [7]. The design implica-
tion is that structural optimization should not be performed
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uniformly across all components: the lightly utilized tread
members and the near-governing longitudinal member have
very different reserve capacities.

3.4. Governing Configuration

Among the two documented analysis states, the 30 <config-
uration governs. The result is important because maximum ge-
ometric height or maximum apparent steepness is not auto-
matically the most severe structural state. In this system, in-
creased major bending and reduced stability capacity at the
shallower deployment dominate the combined interaction
check. Consequently, verification at only one nominal stair
angle would not provide a reliable basis for a reconfigurable
product family.
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4. Discussion

4.1. Structural Meaning of Inclination

The data demonstrates that deployment angle functions as
a structural state variable. A reduction in angle changes the
relationship between vertical rise and horizontal reach, and in
the documented finite-element models it is accompanied by a
longer effective side-member length and higher major-axis
bending demand. The 30 “state therefore approaches the unity
limit even though its axial compression demand is lower. The
result reinforces a broader finding from recent aluminum re-
search: slenderness, restraint, connection behavior, and com-
bined loading can control lightweight structural members
even when material strength is adequate [9-15].

This behavior distinguishes an articulating stair from a con-
ventional fixed stair. A fixed system can be verified at one
geometry, but a reconfigurable structure must be checked over
its intended configuration envelope. The appropriate design
question is therefore not simply whether one nominal position
is adequate, but which admissible position maximizes demand
relative to resistance. Recent prefabricated-stair studies also
demonstrate the value of combining numerical analysis with
physical validation when evaluating lightweight stair systems
[16, 17].

4.2. Scientific Novelty and Prior-Art Boundary

The novelty of this work is not the broad concept of adjust-
able stairs; prior-art adjustable stair mechanisms are docu-
mented in the patent literature [5]. The novelty is the struc-
tural-performance interpretation of a portable, multi-tread alu-
minum stair under discrete deployment angles using code-
based aluminum member utilization. The recent literature re-
viewed for this revision addresses aluminum structural mem-
bers, aluminum joints, and lightweight prefabricated stairs [9-
17], but it does not report the same combination of an articu-
lating portable stair, angle-specific finite-element states, and
Aluminum Design Manual interaction ratios.

The literature-search position should nevertheless be inter-
preted conservatively. This manuscript does not claim that no
related work exists anywhere in proprietary archives, patents,
conference proceedings, or unindexed databases. Instead, the
engineering contribution is defined by the specific analysis
presented here: quantitative comparison of two documented
deployment angles, decomposition of the governing interac-
tion ratio, and formulation of a configuration-envelope verifi-
cation criterion.

4.3. Transferable Design Framework

The configuration-envelope formulation in Eq. (6) is trans-
ferable to other reconfigurable access structures. A practical
implementation would parameterize angle, stair length, tread
count, brace state, anchorage, and handrail configuration. For
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each state, the finite-element model would generate force and
displacement demand, after which local code checks would
return utilization ratios for side members, treads, connections,
rails, and support interfaces. The maximum value over the ad-
missible parameter space would define the governing design
state.

Such a framework also supports design optimization. Ra-
ther than minimizing mass at a single geometry, an optimiza-
tion routine could minimize structural mass subject to U_max
< 1.0, displacement limits, tread-level constraints, transport
geometry, and manufacturing restrictions. The present two-
angle dataset is sufficient to demonstrate the need for this ap-
proach but not to establish a continuous optimum.

4.4. Limitations and Future Validation

The present research is based on supplied engineering
drawings and numerical design outputs. It does not include
new physical proof-load testing, strain measurements, vibra-
tion measurements, or repeated articulation-cycle testing.
Connection slip, pin and bushing wear, fatigue, dynamic pe-
destrian effects, and long-term stiffness changes are therefore
outside the verified scope. Because recent staircase studies
have shown the value of correlating finite-element models
with full-scale experiments [16, 17], experimental validation
is an important next step before broader generalization. Re-
cent investigations of prefabricated stair systems have com-
bined physical testing with finite-element analysis to evaluate
structural performance [16] and have examined the flexural
behavior of lightweight prefabricated stair solutions [17].
These studies reinforce the need for experimental correlation
before the present angle-dependent numerical findings are
generalized beyond the documented configuration.

The strongest next step is a parametric finite-element sweep
at intermediate angles, for example 30< 35< 40< 45< 50
and 55 < using consistent nodal geometry and exported mem-
ber-force, displacement, and code-utilization data. Physical
validation should then test representative shallow, intermedi-
ate, and steep configurations under controlled loading. Strain
gauges on the side members and displacement transducers at
critical locations would permit direct model correlation, while
repeated articulation cycles would provide evidence on con-
nection wear, stiffness retention, and fatigue sensitivity.

5. Conclusions

This study establishes inclination angles as a governing
structural parameter for an articulating aluminum stair system.
For the documented 18-step, 36-in-wide unbraced configura-
tion, the critical side-beam combined demand-to-capacity ra-
tio increases from 0.731 at 55°to 0.948 at 30 representing a
29.7% increase in utilization and reducing the remaining unity
margin from 26.9% to 5.2% [7].

The shallow-angle penalty is driven primarily by major-
axis bending and stability. Major bending demand increases
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by 31.9%, from 1.353 to 1.785 ft-kip, while the reported axial-
compression capacity decreases by 61.7%, from 1.756 to
0.673 kip [7]. These changes are consistent with the sensitivity
of lightweight aluminum members to slenderness, buckling,
and combined loading documented in recent research [10, 13-
15].

The governing result is mechanically important: the shal-
low deployed state controls the baseline structure even though
its axial compression demand is lower. Reconfigurable access
systems should consequently be verified across a configura-
tion envelope rather than at a single nominal geometry. The
very low tread utilization relative to the side-beam utilization
also shows that reserve capacity is nonuniform within the as-
sembly.

The proposed novelty is a configuration-dependent struc-
tural verification framework for a portable articulating alumi-
num stair, not a claim to have originated the broad adjustable-
stair concept. Future parametric and experimental work
should extend the two-state comparison into a validated angle-
response model and should quantify connection behavior, fa-
tigue, vibration, and reinforcement effects before the conclu-
sions are generalized to substantially different stair lengths or
support conditions.
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S Snow Load
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