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ABSTRACT ARTICLE HISTORY

This study investigates the seismic performance of equipment on casters Received 30 October 2024
through over 1,300 shake table tests, focusing on different caster locking Accepted 4 June 2025
conditions and their effects on trolley motion. Using motion capture, accel-

. ; ; . KEYWORDS
erometers, and video recordings, the study accurately monitored specimen

Shake table testing; non-

movement and caster dynamics. Results showed locking two diagonal cas- structural elements (NSEs);
ters led to best rolling characteristics that minimizes accelerations and dis- medical equipment; rolling
placements on balance. Twin-wheel casters specially designed for medical object on casters; building
applications outperformed conventional single-wheel casters. A linear rela- contents

tionship was established for estimating peak rolling response, offering
a practical method for engineers to assess seismic performance of rolling
equipment.

1. Introduction

Damage to non-structural elements (NSEs) can lead to significant economic losses, reduced building
functionality, and increased risk of casualties and fatalities following earthquakes (Mitrani-Reiser et al.
2012; Taghavi and Miranda 2003). In many buildings, especially medical facilities, NSEs and contents
represent a significant portion of the total investment, sometimes as much as 90% (Taghavi and
Miranda 2003). Good seismic performance of NSE is crucial for maintaining the operational function-
ality of medical facilities in the aftermath of an earthquake (Mayer and Boston 2022; Miranda et al.
2012). Damaged NSEs and displaced contents can impede safe evacuation, posing risks to building
occupants or patients and staff in a hospital context (Suzuki, Fukuda, and Nakaji 2014; Zhang et al.
2012).

Observations from past earthquakes indicate that even when structural systems sustain minor
damage, NSEs and building contents can be significantly affected (Applied Technology Council 2015;
Dhakal 2010). The economic impact of damaged NSEs often exceeds that of structural damage (Fajfar
and Krawinkler 2004; Filiatrault and Sullivan 2014). For instance, following the 2010 Chile earthquake,
approximately 62% of hospitals in the affected area required repairs due to non-structural damage, and
around 75% of hospital elevators were non-functional (Miranda et al. 2012). Despite advancements in
understanding the seismic performance of NSEs and building contents, significant damage was still
reported in Wellington, New Zealand after the 2016 Kaikoura earthquake (Baird and Ferner 2017).

The present study focuses on the seismic performance of rolling equipment supported on casters.
Nikfar and Konstantinidis (2019) differentiate wheels and casters by their movements. Wheels rotate
around a fixed horizontal axle, while casters can both rotate around a horizontal axle and swivel
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around a vertical axis. The seismic response of castered objects remains a critical yet underexplored
area, particularly concerning medical equipment which is often mounted on casters without ancho-
rage (Myrtle et al. 2005). Essential life preserving medical devices like intensive care unit (ICU)
monitoring systems, anesthesia equipment, ventilators, medicine infusion/syringe pump and defibril-
lators are typically castered and freestanding. They are thus vulnerable to damage from collisions or
overturning during earthquakes (Ornthammarath and Puavaranukroh 2018). Existing research pri-
marily addresses the seismic performance of stationary contents without casters (Di Sarno et al. 2019).
Another approach has been to consider wheels and casters as sliding objects (Dhakal et al. 2016; Yeow
et al. 2018). However, not many studies adequately consider castered objects” unique responses due to
their mobility (Guamdan-Cabrera, De La Llera, and Mery 2023; Wang, Dai, and Ning 2016).

Despite the prevalence of casters in medical facilities, research on this topic remains limited. These
types of elements are typically subjected to dynamic experimental testing procedures (Zito et al. 2022).
Noteworthy studies include:

e Testing of a B-ultrasound room with various contents, both with and without casters (Wang, Dai,
and Ning 2016).

e Tests of a five-story building with the top two floors configured as a surgery suite and intensive
care unit (Pantoli et al. 2013).

e Shake table tests of seismic restraints for various medical equipment (Chai and Lin 2011), and

e Tests examining medical equipment with both locked and unlocked casters (Nikfar and
Konstantinidis 2019).

These studies mainly address specific typical hospital room contents, highlighting a gap for
a systematic investigation into the key factors affecting rolling response, such as mass distribution,
wheel material, caster configuration and caster locking conditions.

This study presents a shake table test program using a specifically designed configurable trolley to
emulate various commonly used castered medical equipment. The trolley allow flexible change in
casters, specimen mass, and center of mass. The tests specifically investigated seven caster locking
conditions under a purposefully selected set of table motions.

2. Shake Table Test Design

This investigation included over 1,300 unidirectional shake table test runs exploring a wide range of
configurations. This included five caster types, six initial wheel angles, three trolley orientations, three
self-weight variations, three center of mass heights, and seven caster locking conditions, across sixteen
different ground motions.

The experiment setup consisted of a custom trolley (described later), positioned on a 4 mm thick
vinyl floor covering glued to a stiff plywood sheet over an steel table surface. The selected flooring is
a commercial product commonly used in healthcare environments. The flooring was professionally
installed by flooring contractors with a 2 mm gauge and a 2 mm wearing layer. The overall testing
setup is illustrated in Fig. 1.

2.1. Instrumented Trolley for Simulating Rolling Medical Equipment

The rolling specimen for the shake table experiment is a steel trolley weighing 97 kg as shown in Fig. 2.
The trolley’s dimensions are 1100 x 550 x 1470 mm (B x D x H), with its center of mass located at the
planar geometric center, 487 mm above the base plate. Additional components include a concrete
block holder on the middle shelf and an anti-overturning timber outrigger below the base plate. These
bring the specimen’s total mass to 122 kg, with the final center of mass height dependent on caster
selection. Whilst this may appear heavy, but heavy medical equipment is common in hospitals. For
example, anesthesia machines typically weigh over 120 kg, blood plasma freezers range between
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Figure 1. Overall layout of the shake table experiment.

Figure 2. Trolley specimen used for shake table tests.
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160-190 kg, and autoclaves can weigh 360 kg or more. To prevent interference with the Motion
Capture (MoCap) system, the trolley and the casters are coated in a matte black finish.
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Figure 3. Reflective markers on a disk fixed to caster’s fork (left), and disk mounted to the plate-type caster (middle) or stem-type
caster (right).

2.2. Instrumentation System

2.2.1. Motion Capture System
The experiment employs a Motion Capture (MoCap) system to measure the three-dimensional
displacement and rotation of the trolley and the casters. This MoCap system consists of six
OptiTrack Prime41 cameras strategically positioned around the shake table, reflective targets in the
form reflective target balls or reflective stickers, and OptiTrack’s proprietary software, Motive, for
synchronizing data streams and performing computer vision calculations (OptiTrack 2023). The
MoCap system simplifies instrumentation and does not interfere with the specimen’s motion.
Reflective markers or stickers are placed at various points on the trolley body and the casters. The
forks of each caster are fitted with a plastic disc with distinct patterns of reflective stickers (see Fig. 3).
These distinct patterns aid Motive to identify and track individual casters during testing.

2.2.2. Accelerometers

Two tri-axial accelerometers were mounted on the trolley, one at the top and one at the base, as
marked by the blue circles in Fig. 2. Additionally, a single-axis accelerometer on the shake table
recorded its motion. All cables were suspended above the trolley and routed through a rotating arm to
prevent interference with the trolley’s movement. The accelerometer data were synchronized with the
MoCap data through triggered sampling.

2.2.3. Conventional Video Recording

In addition to the MoCap system, six GoPro cameras were strategically positioned to capture the
rolling motion of the individual casters. Four of these cameras were mounted on the table and focused
on the lower part of the trolley to record wheel motion, while the other two were positioned at elevated
angles off the shaking table to provide a wider field of view of the tests, as shown in Fig. 4.

Figure 4. Video captured by six GoPro cameras.
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Table 1. Summary of factors evaluated in shake table tests.

Orientation
Caster (Table 2) Payload (Table 3) (Figure 8)
Wheel Ground
diameter Motion Additional Mid shelf Trolley Lock Caster
Wheel Material (mm) (Table 4) mass height Wheel angle angle (Figure 7)
Institutional Rubber, 100,125 GM1-GM16 Low, Med, Low, Mid, 0,45,90,180,0 0, 45 Seven different
Polyurethane nylon High High +45,0+90 90 arrangements

2.3. Testing Variables and Parameters

Table 1 summarizes the parameters underpinning the test combinations for this test series.

2.3.1. Casters
Five distinct types of casters were utilized in the shake table tests, as shown in Fig. 5, with their detailed
specifications provided in Table 2. The casters tested varied in,

e Wheel size (100 mm or 125 mm diameter)
e Materials (institutional rubber or polyurethane), and
e Style
(a) Types 1, 3 and 4 casters can swivel and are mounted via a plate,
(b) Type 2 caster is a rigid caster mounted via a plate and does not swivel,
(c) Type 5 caster is a unique swiveling twin-wheel, stem-mounted caster, typically used in
medical applications.

Type 1 casters were designated as the reference group, for comparative analysis with the other casters
that varied in wheel sizes and materials.

2.3.2. Trolley Weight and Centre of Mass Height
The trolley specimen featured a central shelf adjustable to different heights. For the tests, we selected
three configurations, “L” (Low), “M” (Medium), and “H” (High), as shown in Fig. 6.

Different system mass scenarios were created by placing none, two, or four concrete blocks (each
with a mass of 13.6 kg) onto the central shelf. This resulted in three levels of trolley self-weight,
designated as “L” (Low), “M” (Medium), and “H” (High) (details presented in Table 3, and shown
graphically in Fig. 6). Considering the three levels of trolley weight and the three center of mass
heights, a total of nine unique combinations were created for the shake table tests.

2.3.3. Casters Locking Conditions
Figure 7 illustrates the seven different caster locking configurations tested in this project:

Table 2. Caster information.

\ : : "1 . A .
Single or Twin ~ \\&4 Diameter Width Rigid or Wheel &,;) Swivel \>) Height
ID Caster Wheel (mm) (mm) Swivel Material Offset (mm) (mm)
1 R100si. S 100 32 S Institutional 84 131
Rubber
2 R100ri. S 100 32 R Institutional - 131
Rubber
3 R125si S 125 32 S Institutional 100 160
Rubber
4 P100si S 100 32 S Polyurethane 84 131

5 Med T 100 2x16 S Polyurethane 80 123
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Figure 5. Casters used in the shake table tests. #1 to #5 from left to right.

Figure 6. Adjustable center of mass by changing middle shelf position, “L,” “M,” and “H” from left to right.

Table 3. Three trolley’s self-weight levels.

Trolley Mass Concrete Block Mass (kg) Total Mass (kg) Self-Weight Level
122kg 0 122 L
2 x13.6 149 M
4x13.6 176 H

(1) Free rolling, with no locked casters (L0),

(2) Locking a single caster (L1),

(3) Locking two casters on the trolley’s short side (L2S),
(4) Locking two casters on the trolley’s long side (L2L),
(5) Locking two diagonal casters (L2D),

(6) Locking three casters (L3), and

(7) Locking all four casters (L4).

2.3.4. Wheel and Trolley Angles
The experiments involved varying the wheel and trolley angles relative to the direction of ground
motion, as illustrated in Fig. 8. Nine wheel angle configurations were tested, namely

e Four cases when all four casters were set at 0, 45, 90, and 180 degrees to the excitation direction.

e Three cases with two rigid and two swivel casters, where the swivel casters were initially
orientated at 0, 45 and 90 degrees.

e Two cases where two casters were set at 0 degrees and the others at either 45 or 90 degrees.
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Figure 7. Considered caster locking conditions.
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Figure 8. Nine wheel angles configurations (left) and three trolley angles (right) tested.

Figure 8 (right) shows the three trolley angles that were tested. For simplicity, the figure only
depicts the three fundamental configurations with the wheel angle consistently set at 0 degree
relative to the trolley body. Other tests also considered cases where wheel angles are at 45
degree.

2.3.5. Selected Ground Motions
The shake table tests in this study utilized 16 ground motions, each tested at two different intensities.
These included:

e Three sets of sinusoidal motions at 1, 3 and 5 Hz,

e Two sets of sweeping sinusoidal motions from 0.5 to 8 Hz, and

e Three sets of recorded earthquake motions, namely motion from 1995 Kobe, 2011 Christchurch
and 1940 El Centro earthquakes.

The earthquake records were specifically selected to ensure a variety of frequency content and strong
shaking duration. Earthquake records were also selected for their familiarity to the earthquake
engineering community.

Table 4 details the key parameters for these table motions, and Fig. 9 illustrates their time histories.
A ramp is applied during the first 5 seconds of the six sinusoidal ground motions to avoid an abrupt
start. Duration refers to the total duration of ground shaking.
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Table 4. Key parameter of ground motions selected for shake table tests.

Amax

Ground Motion (9) Vmax (mms™") dmax (Mm) Duration (s)
GMO1 Sine, 1Hz, 0.2 ¢ 0.20 312 50 60
GMO02 Sine, 1Hz, 0.5¢g 0.50 781 124 60
GMO03 Sine, 3Hz, 0.5¢ 0.50 262 14 60
GMO04 Sine,3Hz, 1g 1.00 520 28 60
GMO05 Sine, 5Hz, 0.5¢ 0.50 156 5 60
GMO06 Sine, 5Hz, 1g 1.00 312 10 60
GMO07 Sweep sine, f=0.5-2 Hz 0.20 624 200 60
GMO08 Sweep sine, f =2-0.5Hz 0.20 624 200 60
GMO09 Sweep sine, f =2-8 Hz 1.00 772 62 60
GM10 Sweep sine, f=8-2 Hz 1.00 772 62 60
GM11 1995 Kobe KJMA, 0, 50% 0.42 456 105 60
GM12 1995 Kobe, KIMA, 0, 100% 0.83 911 211 60
GM13 2011 Christchurch, CBGSN89W, 50% 0.28 283 130 45
GM14 2011 Christchurch, CBGSN89W 90% 0.50 510 234 45
GM15 1940 El Centro, 180, 50% 0.14 155 43 54
GM16 1940 El Centro, 180, 100% 0.28 309 87 54

Ground Motions - Sine Wave

a
S
1

GMO1-1Hz,0.29
100 GMO02-1Hz,0.59
= spil GMO03-3Hz,0.59
3 GMO04-3Hz,1.0g
E 0 GM05-5Hz,0.59
2 { —— GMO6-5Hz,1.0g
0 s0f
100
150 I I |
0 10 60 70
Time (s)
S0 Ground Motions - Sweep Sine Wave
GMO7-f=0.5->2Hz
GMO08-f=2->0.5Hz
e 100 GM09-=2->8Hz
E GM10-f=8->2Hz
= op
2
a

1=
S
T
—

N
=3
S

Time (s)

Ground Motions - Earthquake

N
=1
S

GM11-Kobe 50%
GM12-Kobe 100%
GM13-Christchurch 50%

=)
S

GM14-Christchurch 90%
= GM15-ElCentro 50%
GM16-EICentro 100%

Disp (mm)
8 o

)
=1
S

0 10 20 30 40 50 60
Time (s)

Figure 9. Ground motions for the shake table tests.

2.4. Factors Investigated in This Study

This study principally investigates the effect of caster locking conditions on the seismic response of
rolling equipment. Other factors, such as trolley weight and wheel angle, are significant on their own
and will be addressed in future studies. For this investigation, ground motions from the Kobe and
Christchurch earthquakes, each applied at two scaling levels, were used. Other shake table inputs,
including sinusoidal motion, were not suited for examining caster locking effects and will instead be
used to in future studies to investigate the influence of other parameters.



JOURNAL OF EARTHQUAKE ENGINEERING 9

Wheel21
Y

Ust

ug: yaw (rotation about the vertical axis)

uy: relative displacement perpendicular to ground motion direction

u,: relative displacement parallel to ground motion direction
Ux = Uxabs = UsT

Uyqhs: absolute displacement recorded by MoCap system
U= VBT F 2

u 1= shake table displacement

Figure 10. Variable definition of trolley motion.

Figure 10 shows the relative displacement, absolute displacement, peak displacement, and planar
rotation definitions. It is worth noting that acceleration data is measured in total acceleration.

3. Effect of Locking Conditions on Rolling Equipment Seismic Response - Experimental
Observation

This study examines seven different caster locking strategies as shown in Fig. 7. When a caster is
locked, both the rolling of the caster wheel and the twisting of the caster are restricted. Locking
eliminates rolling and twisting motions and restrict a caster to slide at the point of contact. When
casters are locked, there may be still a slight degree of wheel rolling, especially under larger earthquake
conditions.

Approximately 300 of the total 1,302 tests were conducted to examine the impact of locking
conditions. Table 5 summarizes the testing matrix for these factors.

3.1. Overall Response

Figure 11 provides an overview of the peak and residual trolley response across the various combina-
tions considered in this project. Each bar represents the average peak response (displacement, velocity
or accelerations) from six repeated trials for each parameter combination. Note that the L3 and L4

Table 5. Testing matrix for comparing seven locking conditions.

Wheel Trolley

angle Weight angle Middle shelf
Caster Ground motion (deg.) levels Lock (deg.) height
R100si,  Kobe 50%, Kobe 100%, Christchurch 0 L Seven arrangements as 0, 45, 90 M

Med 50%, Christchurch 90% shown in Figure 7
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Figure 11. Mean peak trolley displacement (a), velocity (b), acceleration (c) and residual displacement (d) data for two types of
casters, under different ground motions and various locking conditions.

combinations (locking three and four casters) were not tested with the Medical casters, as only two
casters with brakes were available for this study.

Figure 11 presents the overall trolley response under various locking conditions. Generally,
as more caster wheels are locked, the specimen’s acceleration increases. Velocity, however,
remains relatively consistent across all locking conditions. Displacement is minimized when
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three or four casters are locked, but no clear pattern is observed for displacement when one or
two casters are locked. This can be explained by the transition from free rolling to constrained
movement, where the locked casters introduce resistance, causing more sliding than rolling.
The residual responses closely correlated with the peak displacements. This behavior likely
arises because large displacement cycles, particularly those caused by sudden jolts, effectively
reset the cart’s reference position, shifting its equilibrium point toward the peak displacement.
Outside of these large excursions, the cart exhibits minimal additional movement resulting in
residual displacement matching the peak displacement during the high-amplitude cycles.
Additionally, Fig. 11 shows that all caster types follow a similar trend in peak responses.
The specific results for each locking condition are as follows:
Free rolling condition (LO):

e Exhibits the lowest acceleration response among all locking conditions. In this arrangement, the
trolley appears to “float” and remaining stationary in space while the floor moves back-and-forth
beneath it.

e Under Christchurch earthquake excitation, this locking condition results in the largest trolley
displacement. However, this did not occur during the Kobe excitations (GM11 & GM12) and the
displacement remained small compared to other locking conditions.

Lock one caster (L1):

e Shows the second lowest acceleration response but experiences significant displacement
amplification.

Lock two casters on long size (L2L) and Lock two casters on short size (L2S):

e Both configurations demonstrate moderate acceleration responses but large displacement
responses.

Lock two casters on the diagonal (L2D):

e Characterized by low to moderate acceleration and displacement responses.
e Produces the smallest displacement under Christchurch motion (GM13 & GM14) and shows
displacement comparable to L1 under Kobe motion (GM11 & GM12).

Lock three casters (L3) and Lock four (all) casters (L4):

e The L4 condition exhibits the smallest relative displacement but at the expense of the highest
acceleration response. Under high PGA ground motion, the trolley experiences severe sliding
and unstable rocking.

An interesting observation is that trolley displacement paradoxically increase as the system
transition from free rolling to locked caster. This can be explained by accounting for recentering
behavior. Under free-rolling condition, the specimen recenters almost fully in response to the
cyclical ground motion. However, when casters are locked, the system may exhibit ratcheting
behavior, where displacement is not fully reversed each cycle, resulting in cumulative rotation
and progressively larger displacements as the motion continues.
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Table 6. Trolley response amplification factor of each ground motion and locking condition.

Acceleration amplification Velocity amplification Displacement amplification
(Ra) (Rv) (Ra)
Ground Kobe Kobe ChCh ChCh Kobe Kobe ChCh ChCh Kobe Kobe ChCh ChCh
Motion—> 50% 100% 50% 90% 50% 100% 50% 90% 50% 100% 50% 90%
Lo 0.18 0.14 0.27 0.18 0.92 0.93 1.04 0.97 1.53 1.67 262 3.06
" L1 0.66 0.4 0.82 0.6 0.77 0.93 0.65 0.72 1.52 2.33 1.07 1.8
c
]
% L2D 0.98 0.53 1.36 0.9 0.67 1.08 0.51 0.54 1.24 2.14 0.11 0.2
c
8 L2L 1.06 0.6 1.25 0.9 0.78 1.02 0.46 0.89 1.87 3.18 0.36 1.42
o
% L2s 0.77 0.47 1.05 0.8 0.81 1.09 0.48 0.6 242 3.43 0.68 1.03
]
= L3 1.25 1 1.45 1.21 0.79 1.21 0.39 0.5 1.14 2.84 0.09 0.41
L4 1.35 0.71 1.75 1.31 1.08 0.57 0.59 0.69 0.69 0.9 0.09 0.19

3.2. Response Amplification Factors

3.2.1. Methodology

Three response amplification factors (Ry, R,, and R,) were defined and evaluated to assess the
effectiveness of each locking configuration in isolating the input motion. These factors were calculated,
collated, and ranked for each configuration across the ground motion series. The results are summar-
ized in Table 6 for the response amplification factors and in Table 7 for the ranking. They are
calculated as the average of two repeated tests and two casters for each lock condition and ground
motion. The definition of e,k is shown in Fig. 10, and PGD, PGV and PGA are peak ground
displacement, velocity and acceleration respectively:

o Rd = l/lpmk/PGD
o R, = ityeui/ PGV
e R = ﬁpeak/PGA

Table 7 ranks each locking condition based on how it amplifies acceleration, velocity, and displace-
ment across the four ground motions. The amplification levels are shown as R, rank > Ry rank and
Ry rank, representing the rankings for acceleration, velocity, and displacement amplification,
respectively.

Summing these ranks for each locking condition produces the values in the SUM column in
Table 7. This effectively applies an equal weighting (factor of 1) to acceleration, velocity, and
displacement and does not account for minimizing a specific parameter. Greater flexibility can be
achieved by applying different weights to each factor: W, for acceleration, Wy for velocity, and W for

Table 7. Trolley response amplification factor rank of each ground motion and locking condition.

Ra-rank Ry-rank Ra-rank
Ground Kobe Kobe ChCh ChCh Kobe Kobe ChCh ChCh Kobe Kobe ChCh ChCh SUM
Motion > 50% 100% 50% 90% 50% 100% 50% 90% 50% 100% 50% 90%
Lo 1 1 1 1 6 2 7 7 5 2 7 7 47
o L1 2 2 2 2 2 2 6 5 4 4 6 6 43
S
E L2D 4 4 5 4 1 5 4 2 3 3] 3 2 40
c
] L2L 5 5 4 4 3 4 2 6 6 6 4 5 54
=
£ L2s 3 3 3 3 5 6 3 3 7 7 5 4 52
Q
]
= L3 6 7 6 6 4 7 1 1 2 5 1 3 49
L4 7 6 7 7 7 1 5 4 1 1 1 1 48
N Rank 1 represents the lowest amplification factor, while Rank 7 indicates the highest. The overall ranking score for each lock condition
ote : ! " . N I
is calculated by summing the ranks across acceleration, velocity, and displacement amplification factors for the four earthquake records.

Note: Rank 1 represents the lowest amplification factor, while Rank 7 indicates the highest. The overall ranking score for
each lock condition is calculated by summing the ranks across acceleration, velocity, and displacement amplification
factors for the four earthquake records.
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displacement. This approach enables adjustment of the rankings based on the importance of each

factor. For instance, when acceleration is a priority, increasing W, will emphasize configurations that

minimize acceleration, while higher values for W4 will prioritize conditions that limit displacement.
This weighted scoring scheme can be summarized by the following formula:

Desired ranking levels = (W, X Ry_rank ) + (W X Ry_rank ) + (W3 X R rank )

By varying the weighting factors, different locking conditions may emerge as optimal depending on
the priority given to acceleration, velocity, or displacement isolation. For example:

e If minimizing acceleration is the primary goal, a higher W, would prioritize configurations
best at reducing acceleration (e.g. L0).

o If displacement control is critical, increasing W4 would favor conditions like L4, which
minimize displacement.

e A balanced approach, as seen in Table 7, uses equal weighting (W, = W, = W, = 1), which leads
to L2D as the optimal configuration with the lowest overall score of 40.

3.2.2. Results

Tables 6 and 7 provide a detailed overview of how different locking conditions influence the
amplification of acceleration (R,), velocity (R,), and displacement (R,) of a trolley under four earth-
quake scenarios. Here is a breakdown of the key insights:

e 12D emerges as the most balanced and optimal locking condition, consistently ranking well
across acceleration, velocity, and displacement. With the lowest overall ranking score of 40, it
stands out as the preferred choice for achieving optimal seismic performance.

e L1 demonstrates strong performance in isolating acceleration and velocity but can result in
significant displacement.

e L0, and L3/L4 exhibit contrasting strengths: LO excels at minimizing acceleration but leads to
significant displacement, whereas L3 and L4 are highly effective in controlling displacement,
consistently ranking highest in this category. However, this comes at the expense of poor
acceleration control, making them less suitable in situations where managing acceleration is
crucial.

e L2S and L2L tend to be the least favorable choices, receiving the highest overall scores. They
provide limited control over velocity and acceleration while also struggling with displacement,
particularly under intense ground motions.

These observations indicate the choice of locking condition plays a crucial role in the seismic response
of the trolley, with different conditions potentially being more suitable depending on whether the goal
is to minimize acceleration, velocity, or displacement. Overall, L2D emerges as a well-balanced option,
offering an effective compromise across acceleration, velocity, and displacement.

Table 7 can be developed further by applying a weighting factor between the three parameters,
enabling a quantitative approach to assess the trade-off between desired response based on the
application.

3.3. Time History Response

Figures 12 and 13 present displacement and rotation time histories of the trolley under various locking
conditions subjected to Kobe 100% (GM12) and Christchurch 90% (GM14) earthquake ground
motions, respectively. Both figures correspond to scenarios where the trolley angle and wheel angle
are set to 0 degrees, and the system is under the “L” self-weight level. In Figure 12, different colors
represent different repeats of the same testing conditions.
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Figure 12. (Continue).
Figures 12 and 13 reveals that:
e Even with a large peak ground displacement (PGD), the Christchurch ground motion (GM14)

causes minimal displacement when more than two casters are locked. However, under the LO free
rolling condition, this earthquake results in massive in-plane displacement.
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Figure 13. (Continue).

e The Kobe earthquake induces greater displacement and rotational responses across all locking
conditions, except for L0, compared to the Christchurch earthquake despite similar PGD.

e L1, L2S, and L2L tend to result in rotation of the trolley, causing it to align obliquely to the
ground motion direction. This pattern is evident in both the Kobe and Christchurch earthquakes.
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Figure 14. Time history of caster twisting (L0, under GM14 - Christchurch 90%).

e The 2D plan view further demonstrates that the L2D locking condition effectively limits
trolley displacement and results in minimal planar rotation compared to other locking
conditions.

The time history of caster twisting motion was also recorded, with an example shown in Fig. 14.
A detailed analysis of the caster wheel twisting behavior will be presented in a future study. The
locations of the four casters are depicted in Fig. 10. The time history response appeared irregular,
particularly for the wheels on the mirrored side of the ground motion direction (e.g. Wheel 11 and
Wheel 21, as shown in Fig. 10). This irregularity could be attributed to manufacturing differences
between wheels, variations in contact areas due to differing wheel heights, or slight discrepancies in the
initial trolley position caused by human error.

3.4. Trolley Response Amplification Factors Against Increasing Base Input

3.4.1. Methodology

The seismic response of free-rolling objects differs significantly to fixed objects. It is hypothe-
sized that, due to their lack of restraint and ability to roll freely, free-rolling objects will
experience significantly larger displacements, even under relatively minor ground motions.
Moreover, their acceleration response is expected to be lower than the ground acceleration, as
not all of the seismic forces are transmitted to the object and some energy is dissipated through
the rolling motion. Similarly, the velocity response of free-rolling objects is expected to be lower
than the ground velocity.

3.4.2. Results

In this section, the response amplification of the trolley as a function of increasing base input is
examined. This is achieved by considering data points with same caster types, under varying locking
conditions, trolley angles, and ground motion intensity. Figure 15 plots the collated peak trolley unit
response against increasing peak base acceleration, peak base velocity and peak base displacement
respectively. Each data point in these plots represents the averaged value from six test series,
comprising three trolley angles, each repeated twice for a specific caster locking condition and ground
motion combination.

Figure 15 reveals the following observations:
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Figure 15. Peak trolley response amplification against increase base input.

1. Magnitude dependent response amplification:

Unsurprisingly as base motion increased, the absolute response of the trolley (acceleration,
velocity and displacement) also increased. However, valuable insights emerge when examining
how the unit response, R (i.e. output/input) changes with increasing base motion. If rolling
systems are linear system, then the gradient of the lines in Fig. 15 would be zero. Instead, the
trolley response ratio (R) exhibited distinct and consistent non-zero gradients (c) across all
locking conditions as peak ground motion (PGM) inputs increase, for each of the acceleration
and velocity and displacement response.

A linear relationship can be fitted between response amplification and peak ground motion
input, in the form of R = ¢- PGM + 4.
o c represents the slope of the linear relationship, indicating how much the response amplifica-
tion (R) changes per unit increase in peak ground motion (PGM).
e d represents the y-intercept in the linear fit, noting the relationship is empirical and does not
correspond to a real amplification value at PGM = 0. In practice, d can be evaluated based on any
data point on the linear fit as the slope, ¢, is fixed and provided.
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Figure 16. Peak acceleration, velocity, and displacement values of selected ground motions.

The averaged gradients (c) for accelerations, velocity and displacements are as follows:
(1) ¢,=-0.11 for acceleration (R,), standard error: 0.0134
(2) ¢, =0.58 for velocity (R,), standard error: 0.1203
(3) cq=16.99 for displacement (Ry), standard error: 1.0312
The three values represent the averaged gradient values across all lock conditions, both caster types,
and all ground motions. These averages are calculated for three specific response ratio cate-
gories: PGA vs. Acceleration ratio, PGV vs. Velocity ratio, and PGD vs. Displacement ratio.
This linear relationship provides engineers with a valuable tool for predicting the peak seismic
response of rolling equipment based on specific ground motion inputs. Engineers can conduct
physical testing at lower intensity ground motion and exploit this linear relationship to accu-
rately determine the maximum response ratio, and thus predict peak response under higher
design-level ground motion. This can reduces the cost and complexity of testing but also ensures
a reliable forecast of how rolling equipment will respond under design earthquake conditions.
This results also demonstrates that the rolling system is nonlinear.

2. Influence of Ground Motion Record (Kobe vs. Christchurch):

There are many factors to consider when comparing the influence of different ground motion
records, making direct comparisons challenging. This section focuses on the Kobe and
Christchurch ground motions (GM11-12 and GM13-14 respectively)

A key point in comparing the Kobe and Christchurch ground motions is that their peak
acceleration, velocity, and displacement values differ significantly. For instance, while GM14
(Christchurch 90%) has a similar peak displacement to GM12 (Kobe 100%), this is where the
similarity ends. As shown in Fig. 16, the Kobe motion exhibits nearly double higher peak accel-
eration and velocity. This provides a simple explanation of why Kobe input generally results in
larger peak trolley responses.

In the LO free-rolling condition, Table 6 highlights Christchurch ground motion results in
noticeably greater displacement amplification compared to the Kobe motion, while acceleration
and velocity amplifications are similar. Then, as the caster locking condition increases (L1 to L4),
the Kobe motion leads to higher velocity and displacement amplification and lower acceleration
amplification.

This behavior can be partly explained by examining the response spectra of the ground motions,
shown in Fig. 17. In the free-rolling state, the trolley behaves like a long-period system. The
response spectrum indicates that the Christchurch record contains substantially more energy in
the long-period range, making it more prone to displacement amplification. While spectral accel-
eration in this range is similar for both motions, spectral displacement is markedly higher for
Christchurch, which accounts for the large displacement response and amplification for the free
rolling trolley.
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Figure 17. Response spectra of selected ground motions.

For the other caster locking conditions, the system can be approximated as a sliding object with
elasto-plastic behavior governed by a variable coefficient of friction (as proposed in Yeow et. al.). As
the locking level increases, the secant stiffness of the system also increases, causing the rolling
system to behave more like a stiffer structure. As the effective stiffness increases, the system
becomes more tuned to the higher frequency range (T < 2 s), where the Kobe ground motion
has significantly greater energy content compared to the Christchurch motion, and hence higher
response amplification.

4. Research Limitation and Future Work

The primary objective of these shake table tests is to provide benchmark data for validating future
simulation techniques. Developing a reliable and accurate simulation method is essential, as it is not
feasible to dynamically test every combination of floor configurations, ground motions, and wheel
types. It would have been ideal to include a wider range of ground motions in the shake table testing -
specifically: (a) sinusoidal ground motions to replicate floor motion, (b) ground motions representa-
tive of large earthquakes. However, this was not possible as the trolley response exceeded the safe
operating limits of the shake table. (c) While this study does not explicitly consider equipment on
floors within buildings, our sinusoidal excitation tests provide relevant insights. In particular, our 1 Hz
vibration tests correspond approximately to a fundamental period (T1) of 1s, which is representative
of the top floor of a 10-story building. However, locking condition tests did not include sinusoidal
ground motion; future research will explore tests incorporating sinusoidal excitations to further
investigate their effects. Although the main tests employed earthquake-like excitations, it is acknowl-
edged that equipment located on upper floors would experience motion filtered through the dynamic
response of the building. In such cases, the excitation is likely to be more sinusoidal and dominated by
the building’s natural frequencies, with potential amplification due to resonance. Nevertheless, the
observed trends in the effectiveness of different caster locking mechanisms are expected to remain
valid. The earthquake-like input revealed fundamental dynamic characteristics of the system: when all
casters are free, rolling object behaves as a low-stiffness (long-period) system, and stiffness increases as
more casters are locked. These interactions between system flexibility and excitation frequency
content are key to understanding the equipment response. The tests presented in this paper provide
a significant validation dataset to support the development of numerical models, which will be the
subject of future work aimed at evaluating equipment response under a wider range of excitations and
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structural conditions. Consequently, this paper focuses on analyzing the response to a select set of
ground motions that fall within the capacity of the shaking table, while maintaining a variety of
shaking characteristics to support future numerical simulation validation. It is recommended that the
conclusions drawn, particularly those related to optimal wheel locking conditions, be interpreted with
this limitation in mind. Additional testing at the upper limits of the current capabilities would be
beneficial to further validate these findings.

5. Conclusion

The primary objective of this paper is to evaluate seven distinct caster locking configurations under
a selected range of table motions. The key findings are as follows:

¢ Locking Conditions: The seismic performance of castered equipment is highly dependent on the
chosen locking configuration. The Free-rolling (LO) results in low acceleration but leads to
excessive displacement. In contrast, diagonal locking (L2D) offers the best balance between
acceleration and displacement, making it the optimal configuration.

e Caster Types: Caster selection plays a critical role in stability. Twin-wheel Medical casters
outperform single-wheel R100si casters in terms of seismic performance.

® PGA vs. PGD: Peak Ground Acceleration (PGA) generally has a more significant impact on
trolley response than Peak Ground Displacement (PGD).

These insights hopefully assist medical facilities to improve equipment safety and functionality during
seismic events. Specifically, this research finds that choosing the right caster type and locking
configuration based on the seismic risks is essential. Adopting optimal setups — such as diagonal
locking (L2D) and using twin-wheel medical casters — can substantially enhance the stability and safety
of medical equipment, protecting equipment and patients during an earthquake. Healthcare institu-
tions, especially those in seismically active regions, should prioritize these considerations when
selecting and maintaining their equipment to mitigate earthquake-related risks.
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