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Abstract 
Metering (also known as aliquoCng) is a criCcal funcCon in centrifugal microfluidic systems, enabling 
the division of a larger inlet volume into smaller, well-defined downstream volumes. However, exisCng 
metering techniques oMen face challenges related to accuracy, reproducibility, and adaptability to 
varying fluid volumes, geometric layouts, and operaConal condiCons. In this study, we systemaCcally 
invesCgate the metering process by characterizing its performance with respect to key parameters: 
inlet volume, rotaConal speed, chamber geometry, and the formaCon of liquid plugs. Extensive 
experiments were conducted using two disCnct microfluidic configuraCons, each designed to evaluate 
metering performance across nano- and microliter scales. ComparaCve analysis of the designs 
revealed criCcal dependencies between metering accuracy and structural features, such as circuit 
architecture and surface weQability. Liquid plugs within geometries connected to the metering 
chamber were analyzed both experimentally and theoreCcally. A criCcal threshold in plug length and 
centrifugal acceleraCon was idenCfied, above which plugs were consistently displaced. AddiConally, 
we examined the influence of in-plane circuit layout by comparing chips paQerned in either Cartesian 
or cylindrical coordinates. SystemaCc differences in metering precision and reproducibility were 
observed, arising purely from geometric alignment relaCve to the centrifugal force. This work 
establishes a comprehensive framework for opCmizing the metering funcConality in centrifugal 
microfluidics. It offers pracCcal design guidelines for the development of robust Lab-on-a-Disk systems. 
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1 Introduction 
Centrifugal microfluidic systems have emerged as powerful technologies for point-of-care diagnosCcs, 
biochemical analysis and sample preparaCon [1–4]. With minimal instrumentaCon, liquid samples 
ranging from nanoliters to milliliters can be manipulated radially outward within microfluidic circuits 
integrated into a rotaCng pla\orm. This pla\orm is typically designed as a monolithic disk, commonly 
referred to as a Lab-on-a-Disk (LOAD) [5]. Unlike pressure-driven Lab-on-a-Chip systems requiring 
external pumps [6,7], centrifugal pla\orms achieve controlled liquid manipulaCon solely through 
rotaConal acceleraCons. However, the monolithic nature of the LOAD design limits flexibility and 
increases the upfront costs for prototyping, parCcularly in limited R&D secngs. Chip-on-a-Disk (COAD) 
systems, which consist of microfluidic chips simply inserted into a reusable disk structure, offer strongly 
reduced prototyping costs and enable the tesCng of a large number of microfluidic designs [8]. By 
precisely adjusCng the rotaConal speed, fluid movement can be dynamically regulated, enabling a 
range of unit operaCons such as mixing, separaCon, and metering, which is criCcal to quanCtaCve assay 
performance. To ensure accurate, autonomous workflows, careful engineering and predicCve 
modeling of these fluidic processes are essenCal [9]. 

Metering, or aliquoCng, is the process of dividing a larger liquid sample into smaller, well-defined sub-
volumes. Metering strategies are broadly categorized into one-stage and two-stage approaches. In 
one-stage methods, the metering occurs directly in the final readout chamber [10]. This approach 
offers design simplicity and is well-suited for applicaCons in chemical analysis [11], but it is limited to 
processing a single liquid, making it unsuitable for workflows involving mixing [12] and/or separaCon 
[13]. In contrast, two-stage methods allow further processing in a chamber downstream of the 
metering unit. However, this approach requires more complex designs, as microvalves [14] are oMen 
essenCal for controlling the precise transfer of liquid into subsequent chambers [15,16]. These valves—
whether passive (e.g., capillary [17] and siphon [18] valves) or acCve (e.g., magneCc valves [19])—
directly impact metering accuracy. Their performance depends on several parameters, including burst 
pressure thresholds, rotaConal speed, and actuaCon Cming. UnCmely valve triggering or unintended 
leakage can result in incomplete or excessive liquid transfer [20]. 

Accurate metering is therefore a key requirement across many centrifugal microfluidic applicaCons. In 
enzymaCc and immunoassays, precise reagent volumes determine reacCon kineCcs and signal 
intensity, directly affecCng assay sensiCvity and reproducibility [21,22]. In diluCon workflows, defined 
volume raCos set the final analyte concentraCon, while in sample preparaCon modules, consistent 
aliquoCng ensures reliable downstream processing [23]. Several metering funcCons can be processed 
in parallel by integraCng mulCple circuits within a single microfluidic chip or disk, enabling high-
throughput and/or mulCplexed assays [24]. In these systems, liquid samples are typically distributed 
into one or more defined sub-volumes before transfer to reacCon chambers or processing units [25]. 
The reliability of these operaCons depends strongly on the geometry of the metering unit and in-plane 
circuit layout. Microfluidic circuits are most commonly implemented in cylindrical layouts [16,26,27], 
in which geometrical features are aligned with the radial direcCon of the centrifugal force. However, 
different applicaCons may impose addiConal design constraints, including compaCbility with standard 
centrifuges [28]. For example, Cartesian layouts are well suited for microfluidic designs that mimic 
well-plate formats used in swinging-bucket centrifuges [29]. These layouts introduce angular 
misalignment with the centrifugal force, which can alter flow paths and metering behavior. Despite 
their growing relevance in prototyping and modular pla\orms [30], the impact of such geometric 
offsets on metering accuracy and reproducibility has not been systemaCcally invesCgated. 

To date, previous studies have demonstrated precise metering (coefficients of variaCon below 5%) in 
dedicated assays within LOAD pla\orms (e.g., [11,31,32]). In parCcular, Mark et al. [31] and 
Schwemmer et al. [33] established quanCtaCve design rules for centrifugo-pneumaCc metering, in 



which the metered volume is defined by enclosed chamber geometries and compressed air volumes. 
While these approaches enable highly accurate volume definiCon, they are intrinsically limited to 
closed pneumaCc systems and specific operaCng condiCons. Lutz et al. [32] invesCgated capillary-
controlled metering and overflow concepts, highlighCng the influence of geometry and wecng on 
metering performance. However, their analysis focused on specific valve architectures and did not 
invesCgate the combined effects of inlet volume, residual liquid retenCon, or layout-induced force 
misalignment. Despite these advances, the metering performance can remain sensiCve to dynamic 
operaConal condiCons where capillary and inerCal forces are in challenge at the liquid–air interface. 
RotaConal speed controls the centrifugal acceleraCon, directly influencing fluid displacement and 
interface posiConing [34,35]. The inlet volume, which sets the available fluid head prior to metering, 
was previously reported to have a negligible effect when varied by ± 10% [33], yet its influence in open 
and overflow-based metering architectures remains poorly characterized. FabricaCon methods and 
chamber manufacturing tolerances have also been shown to affect metered volume [4,31]. In mulC-
step workflows, cumulaCve over-metering can arise from residual liquid trapped in narrow 
interconnecCng channels [32], while surface weQability may promote parasiCc liquid plugs or 
incomplete sample displacement, parCcularly in confined geometries [32,36]. Although qualitaCve 
design recommendaCons—such as modifying juncCon geometries to interrupt undesired liquid 
connecCons—have been proposed [37], a systemaCc framework linking kinemaCc and geometric 
parameters to metering accuracy across different architectures and layouts is sCll lacking. 

In this study, we present a comparaCve invesCgaCon of the metering funcCon across different 
microfluidic configuraCons and operaConal condiCons using a flexible COAD pla\orm. We report 
experimental measurements and provide physical interpretaCons of the observed behaviors. Key 
parameters influencing metering accuracy—including chamber geometry, rotaConal speed, inlet 
volume, and surface weQability—are idenCfied and evaluated. Special aQenCon is given to two disCnct 
configuraCons, where discrepancies between expected and actual metered volumes are analyzed in 
detail. Furthermore, we invesCgate the effect of in-plane circuit arrangement by comparing chips with 
Cartesian versus cylindrical offsets, revealing systemaCc differences in metering accuracy and 
reproducibility that arise solely from layout geometry. The findings offer pracCcal design guidelines 
and predicCve tools for improving metering funcConality and precision in future centrifugal 
microfluidic pla\orms. 

2 Material and Methods 
2.1 Microfluidic Chips: Design, Fabrication, and Materials 

Microfluidic chips were designed in two configuraCons 1 and 2 using SolidWorks, and fabricated with 
3D prinCng resin (Detax MedicalPrint, clear-04016) at the Sirris research center. Adhesive tape 
(Labelor, 3635E5-38B297) was used to seal the microfluidic circuit. The advancing and receding contact 
angles were measured for DI water on resin (𝜃! = 89°, 𝜃" = 57°) and tape (𝜃! = 102°, 𝜃" =  72°). Each 
chip had a rectangular shape, 40 mm long, 5.5 mm thick, and 24 mm wide, with a single microfluidic 
circuit on its surface. This circuit included a pyramidal inlet well with a square cross-secCon of area 
9 mm2 at the inlet and 0.01 mm2 at the outlet, and idenCcal across all designs. A metering chamber 
was placed downstream of the well, with its depth (𝐻) being the smallest dimension. A waste chamber 
was posiConed adjacent to the metering chamber to collect the excess fluid. The fluid gated to the 
waste chamber either by stepping over a thin wall separaCng both chambers (ConfiguraCon 1, Figure 
1a, top) or by penetraCng into a narrow connecCng channel (ConfiguraCon 2, Figure 1a, boQom). Five 
different designs (see SupporCng InformaCon for details) were considered for each configuraCon. Each 
design was tailored to evaluate the metering funcCon under specific condiCons, for example with two 
different metering chamber volumes, 5.12 μL and 0.64 μL.  



Two addiConal chips were fabricated, each comprising three microfluidic circuits arranged either in a 
Cartesian (offset by 9 mm) or a cylindrical layout (offset by 15°) (Figure 1c). Each circuit included 
microfluidic units with idenCcal dimensions to those described for configuraCon 2. The metering 
chamber volume was 0.64 µL. 

2.2 Experiments 

The microfluidic chips were set up in a Chip-on-a-Disk (COAD) format: they were inserted into a 
horizontal disk spinning about a verCcal axis (Figure 1b). The microfluidic features were also in a 
horizontal plane, with the metering chamber at 5 cm from the disk axis. A centrifugal bench was built 
to control the disk rotaCon. The rotaConal speed could reach up to 3000 rpm, corresponding to a 
maximum centrifugal acceleraCon of 504 g at the outermost radial posiCon of the metering chambers. 
The bench comprised a computer-controlled stepper motor connected to a verCcal shaM upon which 
the disk was mounted. A high-speed Photron AX50 camera, equipped with a Zeiss Milvus 2/100M 
macro lens, enabled top-view, real-Cme monochromaCc imaging of the microfluidic chip and the fluids 
therein once per rotaCon. The video resoluCon was between 21 μm and 56 µm per pixel, depending 
on the experiment. The exposure Cme was set to 1 μs, resulCng in a moCon blur of 15 μm at the 
highest radial posiCon of the microfluidic chambers. In some experiments, post-metering images were 
taken using a Canon 250D camera coupled with an MP-E 65 mm macro lens, providing higher 
resoluCon (2 μm per pixel) and full-color images. 

 

Figure 1: (a) Chip architecture for configura6ons 1 (top) and 2 (bo;om). Each chip comprises an inlet well (1), a metering 
chamber of dimensions 𝑊× 𝐿 ×𝐻 (2) and a waste chamber (3). The chambers are successively visited by the liquid samples. 
Metering and waste chambers are vented (4). A zoomed schema6c is provided next to each configura6on, showing the liquid 
within the corresponding fluidic units.	The meniscus rise or depression in the top of metering chamber is represented at the 
scale of 𝜆!, and liquid residues are illustrated as liquid plugs in the nose region and in the waste channel with height 𝛥ℎ. (b) 
Experimental setup, comprising a horizontal Chip-on-a-Disk plaPorm mounted on a ver6cal-axis stepper motor, and a high-
speed camera posi6oned to record a top view of the disk. In (b), the chips are posi6oned such that the radially outward 
direc6on of disk, namely the direc6on of the centrifugal force, corresponds to the downward direc6on in (a). (c) Two 
microfluidic chips designed with three circuits in Cartesian (top) and cylindrical (bo;om) layouts. (a) and (c) are in the same 
scale. 

2.3 Chip Preparation and Testing 

The microfluidic chips were cleaned aMer each experiment by successively rinsing with isopropanol 
and DI water, then drying with compressed air. To evaluate the metering funcCon of chambers of 
volume 5.12 μL, three different liquid volumes were dispensed in the inlet well: 7 μL, 8 μL, and 9 μL. 
They are later referred to as the inlet volumes. AMer dispensing the liquid into the well, centrifugaCon 
was iniCated at 250 rpm for 5 seconds. The rotaConal speed was then ramped up to the burst 
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frequency of 1100 rpm, overcoming capillary forces at the well outlet to allow liquid invasion into the 
metering chamber. This burst frequency was maintained for less than 250 ms. Right aMer bursCng, the 
speed was set to a fixed running speed ranging from 500 rpm to 2250 rpm, with increments of 250 rpm 
applied either within the same experiment or across separate experiments. This process was repeated 
for all tested inlet volumes, and a cleaning step was consistently performed aMer each experiment. 
Microfluidic chips with metering chambers of volume 0.64 µL were also evaluated using inlet volumes 
of 1 µL, 2 µL and 3 µL, which correspond to burst frequencies of 1500 rpm, 1300 rpm and 1200 rpm, 
respecCvely. 

2.4 Data Analysis 

For single-circuit chips, a video of each metering event was recorded and analyzed. When metering 
was successfully achieved, the metered volume was quanCfied using image processing in MATLAB. The 
associated error on volume measurement was primarily due to the limited resoluCon, i.e., the finite 
size of pixels. In the present videos, it was always less than 4% of the metered volume. An ANOVA test 
was also performed in MATLAB to determine which parameters significantly affected the metered 
volume. For three-circuit chips, an image was captured aMer each experiment and analyzed via image 
processing in Python. This allowed an automated measurement of the metered volumes, with an 
esCmated error within ±2%. 

2.5 Analysis of Liquid Plugs 

Metering was considered inaccurate when liquid plugs remained at undesired locaCons, as they would 
possibly join the metered volume during subsequent microfluidic operaCons. When such plugs were 
observed, their height was manually measured using ImageJ. From a theoreCcal perspecCve, such a 
liquid plug can be approximated as a liquid column of height Δℎ. This plug is subjected to the 
centrifugal acceleraCon, given by 

𝑔∗ = 𝑟̅	Ω$, (Eq. 1) 

where Ω is the rotaConal speed	and 𝑟̅ is the average radial distance from the axis of rotaCon. The 
resulCng centrifugal pressure 𝑝c acCng on the liquid column is 

𝑝c = 𝜌	𝑔∗Δℎ, (Eq. 2) 

where 𝜌 is the liquid density (997 kg/m3 for water). Most circuits of configuraCon 2 were designed in 
a Cartesian layout, so the centrifugal acceleraCon was not strictly aligned with the plugs in the waste 
channel. Nevertheless, this angular deviaCon was always less than 6° and it was neglected in the 
calculaCon of 𝑝c. 

Conversely, the capillary pressure 𝑝&  that the plug interfaces may sustain without sliding is esCmated 
as 

𝑝& = 𝑘
2𝜎
𝐻
	, (Eq. 3) 

where	𝑘 is a dimensionless curvature factor, 𝜎 is the liquid surface tension (0.073 N/m for water) and 
𝐻 is the smallest dimension of the geometry—here, the depth of the microchannel (e.g., 𝐻 = 100 µm 
in waste channel) or chamber. The curvature factor 𝑘, which accounts for the influence of contact 
angle hysteresis [36], is typically on the order of unity. Herein, we assume 𝑘 = 1.  

As long as the plugs remain staConary within the microfluidic features, their interfaces are in 
hydrostaCc equilibrium state, with centrifugal and capillary pressures balanced. Therefore, the upper 



bound on the capillary pressure yields the maximum height a liquid plug can reach while remaining 
moConless, 

Δℎ < Δℎ'!( = 𝑘
2𝜆&$

𝐻
, (Eq. 4) 

where the capillary length 𝜆&  is defined as 

𝜆& = ;
𝜎
𝜌𝑔∗

. (Eq. 5) 

3 Results and Discussion 
3.1 Phenomenology 

Figure 2a presents the metering achieved in configuraCon 1 by Design 1.a. An iniCal volume of 8 µL of 
water was pipeQed into the well, the capillary valve was burst, and then steady centrifugaCon at 
750 rpm (30 𝑔 where 𝑔 = 9.8 m.s-2) transferred the liquid into the metering chamber (t = 13 s). The 
nose feature forced the liquid to systemaCcally aQach to the right sidewall when progressing towards 
the metering chamber [38], ensuring a void-free filling as well [39]. Once the metering chamber was 
filled, excess liquid was gated to the waste chamber on its leM. A thin wall separaCng the metering and 
the waste chambers enabled metering at very low frequencies (e.g., 750 rpm). Consequently, it took 
𝑡	 =	45 s to transfer all the residual liquid from the nose and complete metering. At hydrostaCc 
equilibrium, the liquid–air interface was posiConed on average approximately 0.4 mm above the 
height of the thin wall (over-metering). Under these operaCng condiCons, the effecCve capillary length 
was 𝜆& ≈ 0.49 mm, which was of the same order of magnitude as the observed meniscus (de Gennes 
et al. [40]). The upward shiM of the interface relaCve to chamber volume (𝑉')!*+"),−𝑉-.!'/)" =
Δ𝑉 > 0) increased the retained liquid volume in the metering chamber, resulCng in a maximum 
relaCve over-metering approximately 10% larger than the ideal geometric predicCon 
(Δ𝑉~10%	𝑉-.!'/)"). 

Figure 2b illustrates the metering process achieved in configuraCon 2 by Design 2.a. Similarly, an iniCal 
volume of 8 µL of water was pipeQed into the well and the capillary valve was burst. Upon steady 
centrifugaCon at 1000 rpm the liquid began filling the metering chamber. Here, the well outlet was 
directly connected to the metering chamber (i.e., there was no nose in this design), allowing metering 
to complete in t = 11 s.  At this speed and under quasi-staCc equilibrium, the liquid–air interface inside 
the metering chamber remained approximately 0.2 mm below the top of the chamber—opposite to 
the upward rise observed in configuraCon 1, leading here to under-metering (Δ𝑉 < 0). The 
corresponding capillary length (𝜆& ≈	0.36 mm) was comparable to this downward shiM of the 
meniscus. The missing volume represented roughly 2% of the chamber volume. AddiConally, the 
metering process led to the formaCon of a liquid plug of height Δℎ = 2.3 mm within the waste channel. 
This plug was smaller than the maximum liquid plug height Δℎ'!( = 3.33 mm at 1000 rpm (45 g). The 
rotaConal speed was then gradually increased. The liquid plug was fully removed at 3000 rpm (402 𝑔), 
when Δℎ'!( had decreased to 0.37 mm.  

In all the present experiments, the maximum velocity 𝑣 of the interface in the vicinity of the metering 
chamber was observed to be lower than 10 mm/s. This upper bound allows us to esCmate the 
importance of inerCa and viscous shear in the determinaCon of the metered volume. The raCo of 
inerCal pressure 𝜌𝑣$ to capillary pressure 𝜎/𝐻 is expressed by the Weber number 𝑊𝑒	 = 	𝜌𝑣$𝐻/𝜎	 <
	7 × 1001 for 𝐻	 = 	0.5 mm. Since 𝑊𝑒 ≪ 1, inerCal forces are not likely to play any significant role in 



the determinaCon of the metered volume.  Similarly, the relaCve importance of viscous shear 𝜇𝑣/𝐻$ 
(where 𝜇 ≈ 1002  Pa.s is the dynamic viscosity of water) and capillary pressure gradients 𝜎/(𝑊𝐻) is 
a modified capillary number 𝐶𝑎∗ 	= 	𝜇𝑣𝑊/(𝜎𝐻) < 9 × 1001 for 𝑊	 = 	3.2 mm. Since 𝐶𝑎∗ 	≪ 1, 
viscous shear is not expected to influence the metered volume either. Consequently, the metered 
volume is solely determined by the compeCCon between centrifugal and capillary forces, which is 
represented by the raCo between the characterisCc lengths of the metering chamber and the capillary 
length 𝜆&.  

 

Figure 2: (a) Configura6on 1, Design 1.a – Upon centrifuga6on at 750 rpm, the liquid smoothly entered the metering chamber 
from the well (t = 13 s). The metering process was completed in t = 45 s. (b) Configura6on 2, Design 2.a – Upon centrifuga6on 
at 1000 rpm, metering was completed in t = 11 s, although a 2.3 mm-high liquid plug remained in the waste channel. 
Increasing the centrifuga6on speed to 3000 rpm subsequently flushed the liquid plug into the waste chamber (t = 64 s). In 
both configura6ons, the inlet volume was 8 µL. The corresponding videos are available in the Suppor6ng Informa6on.  

3.2 Volume Analysis upon Metering Function 

To evaluate the metering funcCon under varying operaConal condiCons, a series of experiments were 
conducted across different inlet volumes, rotaConal speeds, and microfluidic designs (a-e) (See raw 
datasets in the SupporCng InformaCon). In Figure 3,  the normalized volume variaCon 
(𝑉')!*+"),−𝑉-.!'/)")/(𝑊𝐻𝜆&)	is ploQed against the dimensionless raCo 𝐻/𝜆&, which varies with 
rotaConal speed through its dependence on the capillary length. This representaCon captures how 
much the liquid–air interface deviates from the chamber geometry in units of the capillary length and 
therefore directly reflects the magnitude of capillary-induced interface displacement relaCve to 
centrifugal forcing. Across all designs and operaCng condiCons, the normalized deviaCon remains on 
the order of unity (Δ𝑉/(𝑊𝐻𝜆&)~1), indicaCng that the interface rise or depression inside the 
chamber consistently scales with 𝜆&. In both configuraCons, Design 1.b (triangles in Figure 3)—
featuring a low-aspect-raCo metering chamber (𝑊 ≪ 𝐿)—displayed disCnctly different behavior from 
the other designs, exhibiCng the largest scaQer across inlet volumes. By contrast, the remaining 
designs, which had chamber aspect raCos close to or larger than unity, produced configuraCon-specific 
but consistent metering behavior.  

In configuraCon 1, the metered volumes were generally overesCmated across most condiCons, with 
the overesCmaCon being pronounced for Design 1.e (circles in Figure 3, leM), which had the smallest 
metering chamber (0.64 µL) (dispensed volume from 1 µL to 3 µL). An ANOVA for 𝑁 =	54 independent 
measurements confirmed that both the inlet volume (F-value F(4, 38) = 6.6, p-value p = 4 ´ 10-4) and 
design variaCon (F(3, 38) = 3.24, p = 0.0327) significantly affected metering performance, whereas the 
rotaConal speed did not have a staCsCcally significant influence (F(7, 38) = 2.21, p = 0.055). Importantly, 
Design 1.e—whose chamber width is roughly half that of the other designs—showed heightened 
sensiCvity to metering volume variaCons at lower rotaConal speeds. As the rotaCon speed decreases, 
the capillary length increases and becomes comparable to the smaller chamber width and depth 
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(𝜆&~𝑊,𝐻). Under these condiCons, capillary effects dominate over centrifugal forces, resulCng in 
larger interface curvature and therefore greater suscepCbility to volume variaCon.  

 

Figure 3: Normalized metering volume varia6on across different rota6onal speeds for five design variants – a (diamond), b 
(triangle), c (star), d (square), e (circle) – in configura6ons 1 (le_) and 2 (right). Each color represents a specific inlet volume: 
1 µL (red), 2 µL (orange), 3 µL (magenta), 7 µL (green), 8 µL (dark blue), 9 µL (light blue). Error bars correspond to the pixel 
size. The corresponding table of data is available in the Suppor6ng Informa6on. 

On the other hand, for configuraCon 2, the metered volumes were consistently underesCmated across 
all designs with most of the inlet volumes. An ANOVA for 𝑁 =	57 individual measurements indicated 
that only design variaCon had a significant impact on metering performance (F(3, 40) = 9.84, p = 1 ´ 
10-4), whereas neither inlet volume (F(4,40) = 0.41, p = 0.7989) nor rotaConal speed (F(8,40) = 0.26, 
p = 0.9741) had significant effects. Specifically, Designs 2.c (stars in Figure 3, right) and 2.d (squares in 
Figure 3, right) yielded lower volume raCos. Therefore, addiConal experiments were conducted on 
Design 2.d to elucidate the mechanism behind this reducCon in metered volume, as illustrated in 
Figure 4. IniCally, 7 µL of DI water was dispensed into the well. Upon centrifugaCon at 2250 rpm, the 
liquid entered the metering chamber (t = 7.33 s), aMer which excess liquid overflowed into the waste 
chamber (t = 7.91 s), marking the apparent compleCon of metering. However, closer inspecCon 
revealed the presence of a thin liquid rivulet that persisted on the right side of the channel between 
metering and waste chambers. This rivulet permiQed unintended liquid drainage from the metering 
chamber (t = 8.58 s). Although the images did not clearly show whether the rivulet extended along 
two or three channel walls, this observed drainage flow differed from a capillary corner flow, as the 
Concus-Finn condiCon [41,42] was not saCsfied: the walls were printed at 90° and both water-resin 
and water-tape contact angles exceeded 45°. Instead, the rivulet flow was driven by the centrifugal 
force and potenCally influenced by surface heterogeneiCes or resin residues remaining from the 
prinCng process, which may have locally altered weQability. Top-view snapshots proved insufficient to 
clearly explain the flow mechanism. Nevertheless, closer observaCon disclosed a liquid film (thin dark 
line) along the right wall of the waste channel at t = 7.91 s, which became thicker and more pronounced 
at t = 8.58 s, when droplet formaCon was observed—confirming flow along the wall. This liquid film 
then gradually thinned and became less visible, correlaCng with the temporal evoluCon of drainage 
(t = 8.58 s – 55.95 s) and eventually breaking up at t = 64.35 s, possibly due to film instability along the 
wall surface [43]. The overall reducCon in metered volume caused by this drainage was 0.91 µL, 
suggesCng either excessive retenCon or liquid loss driven by capillary and centrifugal forces.  
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Figure 4: Time-sequence images showing some further emptying of the metering chamber happening in Design 2.d during 
centrifuga6on of 7 µL of liquid at 2250 rpm. Despite metering being apparently complete (t = 7.91 s), addi6onal liquid 
con6nued to drain from the chamber for up to one minute, resul6ng in volume loss of 0.91 µL. The horizontal red line indicates 
the ini6al liquid level at the end of the metering step. The corresponding video is available in the Suppor6ng Informa6on. 

3.3 Nose Issues with Configuration 1 

Figure 5 illustrates the metering achieved for Design 1.c aMer less than one minute of centrifugaCon 
at low rotaConal speed (500 rpm, i.e., 14 𝑔). This capability to meter at low speed is criCcal for complex 
systems incorporaCng passive capillary valves [17,44], which require sequenCal valve bursCng upon 
speed increases. However, residual liquid (~ 360 nL) was consistently observed within the nose region, 
posing a challenge for accurate metering. EquaCon 4 is not directly applicable to raConalize the 
existence of this residual volume in the nose, since it is not a liquid plug with upper and lower liquid-
air interfaces. Nevertheless, its presence is not surprising: the effecCve capillary length (𝜆& = 0.73 mm 
at 500 rpm) is comparable to the characterisCc dimensions of the residual liquid (~ 1.1 mm in height, 
0.7 mm in width and 0.5 mm in depth), suggesCng that capillary forces can counteract centrifugal 
forces and retain the residue.  

This comparison establishes a pracCcal design criterion: to avoid residual liquid, the characterisCc 
dimensions of the nose must remain larger than the effecCve capillary length under operaCng 
condiCons. Such control is parCcularly criCcal for LOAD applicaCons requiring high metering accuracy, 
as even small residual volumes can compromise quanCtaCve results. This is evidenced by recent work 
employing nose-shaped metering for enzymaCc assay [38], where precise volume definiCon is 
essenCal for assay reliability. 

 

Figure 5: Metering was achieved with Design 1.c by centrifuging 9 µL of liquid at 500 rpm in less than a minute. However, a 
liquid residue was observed in the nose beneath the well outlet. The corresponding video is available in the Suppor6ng 
Informa6on. 
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3.4 Liquid Plug Issue within Configuration 2 

The presence of a liquid plug within the waste channel presents a criCcal boQleneck to accurate 
metering in centrifugal microfluidic systems, parCcularly in architectures designed for robust sample 
preparaCon that rely on chip reorientaCon to transfer liquid from the metering chamber to 
downstream units [8,30]. To further invesCgate this phenomenon, the height of the liquid plug Δℎ was 
measured at various rotaConal speeds for each design (See raw datasets in the SupporCng 
InformaCon). An upper bound for the theoreCcal plug height Δℎ'!( was calculated using Eq. 4. As 
shown in the parity plot (Figure 6), all measured plug heights saCsfied the condiCon Δℎ < Δℎ'!(. Plug 
heights within 7% of the Δℎ'!( threshold were observed at all speeds except for 750 rpm, where the 
largest Δℎ was 4 mm while Δℎ'!(	 ≈	5.5 mm. This deviaCon likely resulted from a smaller dataset, as 
Δℎ was constrained by the total height of the waste channel in all designs except for Design 2.c.    

 

Figure 6: Parity plot comparing the measured liquid plug heights with theore6cal predic6ons from Eq. 4, for five design 
variants – a (diamond), b (triangle), c (star), d (square), e (circle) – of configura6on 2. Symbols in different colors represent 
various rota6onal speeds: 750 rpm (purple), 1000 rpm (orange), 1250 rpm (magenta), 1500 rpm (yellow), 1750 rpm (blue), 
2000 rpm (red), and 2500 rpm (green). The error bar, corresponding to the pixel size, is smaller than the symbol size. The 
corresponding table of data is available in the Suppor6ng Informa6on. 

3.5 ENect of Chamber Aspect Ratio on Metering Function 

Wide metering chambers may be subjected to another issue: the inlet volume might not be sufficiently 
larger than the metering volume to establish a conCnuous liquid column from the upstream interface 
(at the inlet well) to the downstream interface (at the entrance of the waste channel). As a result, the 
generated centrifugal pressure may be insufficient to overcome capillary forces. To illustrate this, the 
metering funcCon of Design 2.d (𝑉chamber = 5.12 µL), which had a 𝑊/𝐿 raCo of 4, is presented in Figure 
7. Upon dispensing 𝑉inlet = 7 µL of DI water and centrifugaCon at 500 rpm (14 𝑔), a porCon of the 
liquid remained in the inlet well, prevenCng perfect metering. When the rotaConal speed was 
increased to 1500 rpm (126 𝑔), the liquid was enCrely displaced from the inlet well to the metering 
chamber. The upstream liquid interface stabilized at Δℎ = 0.16 mm above the inlet of the waste 
channel. This liquid column height was smaller than the calculated threshold Δℎ'!( = 0.24 mm (Figure 
7-inset). Therefore, the liquid in excess did not penetrate the waste channel, resulCng in incomplete 
and inaccurate metering. 
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Figure 7: Upon dispensing 7 μL of DI water into the inlet well and centrifuga6on, incomplete metering was observed at 
500 rpm (14	𝑔) and 1500 rpm (126 𝑔) due to insufficient centrifugal pressure. The inset shows the liquid meniscus in the waste 
channel. The corresponding videos are available in the Suppor6ng Informa6on. 

3.6 ENect of Cartesian and Cylindrical Layouts on Metering 
Function 

Centrifugal forces can act differently on circuits posiConed with a Cartesian vs. cylindrical layout. This 
variaCon may significantly impact both metering accuracy and reproducibility. To analyze these effects, 
we conducted the metering experiments to 2.e.Cartesian and 2.e.Cylindrical chips and assessed 
reproducibility by repeaCng the experiments five Cmes. In each experiment, 3 µL of blue-dye water 
was iniCally pipeQed into the inlet well of each circuit. The chip was then centrifuged at 2000 rpm for 
5 s, which was sufficient to complete metering. The rotaConal speed was then increased up to 3000 
rpm for 5 s to remove the liquid plug in the waste channel. As shown in Figure 8a, the Cartesian layout 
resulted in an uneven distribuCon of the volume across three metering chambers. In this layout, the 
liquid-air interface aligns perpendicular to the local centrifugal acceleraCon. For the leM and right 
chambers, this direcCon is not aligned with the chamber walls anymore. In the leM chamber, the 
centrifugal force pushed the liquid toward the waste channel, whereas in the right chamber, it pushed 
the liquid against the opposite verCcal wall—resulCng in the smallest (519 nL) and largest (654 nL) 
metered volumes, respecCvely. This systemaCc asymmetry can be quanCtaCvely esCmated by 
considering the angular misalignment  𝛼 = 15° between the chamber axis and the centrifugal 
acceleraCon (Figure 8a, inset). A simple geometric analysis yields a relaCve metering error 

|Δ𝑉|
𝑉chamber

≈
𝑊tan(𝛼)

2𝐿
, Eq. 6 

which evaluates to approximately 8.8% for the present design. This predicted deviaCon is of the same 
order of magnitude as the experimentally observed coefficient of variaCon across the three metering 
chambers, indicaCng that a substanCal fracCon of the measured variability originates from 
determinisCc geometric misalignment rather than stochasCc experimental noise. Consistently, the 
metered volumes at each chamber posiCon were highly reproducible across five repeated trials (CV ≤ 
5%), confirming that the dominant contribuCon to the overall CV is systemaCc. By contrast, Figure 8b 
demonstrates consistent metering performance across the three chambers in cylindrical layout, with 
average CV ≤ 3% across five repeated trials. In this case, the chamber walls remained aligned with the 
centrifugal acceleraCon, minimizing interface ClCng and eliminaCng layout-induced bias. Figure 8c thus 
highlights a clear and reproducible difference in metering performance (metering raCo =
𝑉measured/𝑉chamber), arising purely from layout geometry.  

Ω =1500 rpmΩ =500 rpm

2 mm 2 mm



Although both layouts are compaCble with centrifugal microfluidic systems, Cartesian arrangements 
introduce predictable, posiCon-dependent volume variaCons. These can be miCgated by intenConally 
compensaCng chamber volume (e.g., chambers situated to the leM of the central metering unit—
reflecCng the posiCon of the adjacent waste channel—should have slightly smaller volumes than those 
on the right side). AlternaCvely, if idenCcal and parallel chambers must be featured across the layout, 
we recommend designing the chamber width 𝑊 as the smallest chamber dimension and aligning the 
largest dimension such as depth 𝐻 along the rotaCon axis (i.e., perpendicular to the disk plane), such 
that 𝑊/𝐻 < 1. Such design rules ensures that centrifugal acceleraCon remains effecCvely uniform 
across the larger chamber dimension, improving metering accuracy and reproducibility. This design 
consideraCon is especially important for precise dispensing and sample preparaCon based on 
centrifugaCon sequences, e.g., using standard centrifuges and well plates integrated with microfluidic 
modules to conduct enzymaCc assays [45].  

 

Figure 8: Comparison of the metering func6on in two microfluidic chips, each comprising three circuits arranged in either 
Cartesian or cylindrical layout. (a) In the Cartesian layout, with an offset of 9 mm between circuits, the metered volume 
increased for the chambers from le_ to right, yielding a CV of 12%. (b) In the cylindrical layout with an angular offset of 15° 
between circuits, the metered volumes were almost equal for all the chambers (CV = 3%). (c) The volume ra6o for each 
chamber is shown for the Cartesian (dark grey bars) and cylindrical (light grey bars) layouts. Error bars indicate replicate 
measurements. The corresponding table of data is available in the Suppor6ng Informa6on. 
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3.7 Practical Design Guidelines for Reliable Metering  

A central aim of this study was to move beyond qualitaCve observaCons and extract pracCcal, 
quanCtaCve design rules that can guide the development of reliable metering units in centrifugal 
microfluidic systems independent of a parCcular assay implementaCon. While individual effects—such 
as chamber geometry, inlet volume, capillary length, rotaConal speed or centrifugal acceleraCon 𝑔∗, 
and liquid-plug retenCon—have been reported separately in earlier works, no unified framework has 
been established to connect these factors into acConable design guidelines.  

Here, we summarize the combined experimental and theoreCcal findings of this work into two Table 
1 and Table 2. As prototyping can be costly and Cme-consuming, reliance on trial-and-error 
opCmizaCon is not recommended. Rather than prescribing fixed designs, these guidelines idenCfy the 
governing mechanisms and failure modes that must be controlled to ensure reliable metering 
performance. 

Table 1: Universal design rules for metering in centrifugal microfluidics. 

Design Principle Guidelines (Prescrip1ve DO/DO NOT) Observed effect 

A. Chamber aspect 
ra1o (𝑊/𝐿) 

DO target aspect ra1o 𝑊/𝐿 ≈ 1. Avoid 𝑊/𝐿 ≪
	1 or ≫ 1. 

Low 𝑊/𝐿 (e.g., Design 1.b or 2.b) 
à (i) The largest scaGer in 
metering volume varia1on. (ii) 
Suscep1ble to incomplete filling or 
metering.  

B. Capillary length 
𝜆! vs. chamber 
dimensions 

DO NOT operate in regimes where 𝜆! ≈ 	𝑊,𝐻 
(e.g., low rota1onal speeds when chamber 
designed with 𝑊 → 𝐻 ). 

When 𝜆! 	becomes comparable to 
width 𝑊 and depth 𝐻à Larger 
interface curvature and greater 
suscep1bility to volume varia1on 

C. Rota1onal-speed 
independence 

DO set speed high enough to suppress the 
capillary reten1on 𝐻/𝜆! > 1. DO NOT rely on 
speed alone to correct geometric under-/over-
meteringà Centrifugal accelera1on takes the 
rota1onal radius into account. 

Rota1onal speed affects interface 
curvature; limited direct influence 
on metered volume under tested 
condi1on. 

D. Inlet volume 
influence 

DO keep the inlet volume varia1on small for 
stable metering. 
 

ANOVA: inlet volume influences 
metering significantly in 
configura1on 1. 

  



Table 2: Configura6on-specific design rules based on experimentally observed behavior. 

Configura1on Guideline (Prescrip1ve DO/DO NOT) Ra1onale 

Configura1on 1  

DO keep the wall separa1ng the metering 
and waste chambers sufficiently thin. 

The thicker wall increases the effec1ve 
chamber width when meniscus rises 
above the wall; 𝑊 →𝑊 + 𝑑, 
amplifies the volume varia1on Δ𝑉 ≈
(𝑊 + 𝑑)𝐻𝜆! 

DO include a nose feature for reliable filling 
of chambers with narrow entrances.  

Nose feature ensures void-free filling 
but delays liquid-tail removal à 
longer metering  

DO op1mize the nose dimensions to 
minimize residual liquid. 

When characteris1c nose dimension ≈
	𝜆!, capillary forces dominate à 
Residual trapped volume. 

Configura1on 2  

DO operate at condi1ons where the liquid 
height in the waste channel sa1sfies Δℎ >
Δℎmax	  

Liquid plug in the waste channel 
persists when Δℎ < Δℎ"#$ and causes 
residual liquid  

DO keep chamber aspect ra1o 𝑊/𝐻 ≈ 1 
when 𝑉inlet	/	𝑉chamber = 	𝒪(1). 

Large 𝑊/𝐿 chamber (e.g., Design 2.d) 
reduces pressure head when inlet 
volume is comparable to metering 
volume à Incomplete metering  

Cartesian vs. 
Cylindrical Layouts 
Tested for 
Configura1on 2 

DO prefer cylindrical layout when iden1cal 
metering chambers are required. 

Misalignment in Cartesian layout 
causes systema1c leZ/right volume 
imbalance based on the waste 
channel posi1on. 

DO NOT use iden1cal leZ/right (L/R) 
chambers in Cartesian layout without 
geometric compensa1on. 

Chambers on “waste-side” produce 
smaller metering volumes and vice 
versa. The rela1ve error can be 
es1mated as: |12|

2
≈ 34#5	(8)

:;
. 

For the present geometry, the above 
expression predicts Δ𝑉/𝑉 ≈ 8.8%, 
consistent with the measured inter-
chamber CV (~12%). Compensa1on 
reduces layout-induced bias. 

  

DO orient the smallest chamber dimension 
radially (and the largest dimension along 
rota1on axis. 

Ensures that the meniscus spans the 
largest dimension perpendicular to 
centrifugal accelera1on, improving 
metering uniformity. 

Although the present study focuses on single-chamber metering, the invesCgated configuraCons serve 
as building blocks for mulC-chamber architectures. ConfiguraCon 1 enables parallel generaCon of 
mulCple sub-volumes (e.g., dispensing and mixing mulC reagents [24,38,46]), whereas ConfiguraCon 
2 supports precise one-to-one aliquoCng for controlled dosing or sample preparaCon [8,30]. 



Unlike earlier centrifugal metering studies that focused on closed centrifugo-pneumaCc chambers with 
volume definiCon governed by trapped air compression (e.g., Mark et al., Schwemmer et al. [31,33]), 
the design rules summarized here address open and overflow-based metering architectures, where 
volume selecCon is controlled by the interplay of capillary forces, centrifugal acceleraCon, and residual 
liquid retenCon. In contrast to applicaCon-specific invesCgaCons such as Lutz et al. [32], which 
opCmized metering for a fixed cartridge and assay workflow, the present tables disCll geometry- and 
physics-based constraints that remain valid across inlet volumes, rotaConal speeds, layouts, and 
fabricaCon approaches.  

The framework developed here is directly relevant to the design of LOAD pla\orms used in biochemical 
and diagnosCc workflows. In many centrifugal microfluidic assays—including enzymaCc reacCons, 
immunoassays, and mulCplexed sample preparaCon—accurate aliquoCng is required to distribute 
samples or reagents into controlled sub-volumes prior to downstream processing. VariaCons in 
metered volume can propagate through the workflow and affect reagent concentraCons, reacCon 
kineCcs, and ulCmately analyCcal accuracy.  

The applicability of the design rules depends on the physical properCes of the working fluid. The 
experiments presented in this work were conducted using water as a model liquid in order to isolate 
the influence of geometry and operaCng condiCons on the metering behavior. Water provides well-
characterized physical properCes and allows controlled evaluaCon of the capillary–centrifugal 
interacCons governing the liquid–air interface. Fluids used in pracCcal applicaCons may exhibit 
different surface tension and viscosity. Advancing and receding contact angles may also vary with both 
the fluids and the materials used in device fabricaCon. These properCes can modify the quanCtaCve 
thresholds reported here, such as the capillary length, the liquid-plug retenCon condiCons, and the 
centrifugal acceleraCon required for reliable metering. Nevertheless, the physical framework 
established in this work—based on the balance between centrifugal and capillary forces and the 
geometric scaling of the metering chambers—remains broadly applicable to other liquids except for 
strongly wecng liquids (very small contact angles), such as certain oils, where capillary wicking is 
expected to dominate.  

4 Conclusions 
This study presented a systemaCc invesCgaCon of the metering funcCon in centrifugal microfluidic 
systems, with a focus on how design parameters, dynamic operaConal condiCons, and geometrical 
layouts influence the metering performance. Leveraging a flexible Chip-on-a-Disk (COAD) pla\orm, we 
conducted extensive experiments across two disCnct microfluidic configuraCons, each comprising five 
design variants, under varying condiCons of chamber dimensions, rotaConal speed, and inlet volume. 
We demonstrated that deviaCons from ideal metering—such as over- or under-metering—were 
significantly influenced by these design variaCons. AddiConally, variaCons in inlet volume were shown 
to impact performance when targeCng metered volumes below 1 μL. Experimental results were 
raConalized by physical arguments. In parCcular, we idenCfied the threshold on centrifugal 
acceleraCon above which parasiCc liquid plugs within the microfluidic features connected to the 
metering chamber could be effecCvely removed. The smallest dimension of the microfluidic geometry 
or unit was found to be the most criCcal design parameter contribuCng to liquid retenCon and plug 
formaCon. This suggests that opCmizing geometries with respect to their smallest dimension can 
facilitate plug removal at lower rotaConal speeds. Our analysis also highlighted the importance of the 
fabricaCon process in determining surface weQability, which plays a key role in minimizing the trapping 
of liquid residues and the formaCon of rivulet flows in specific configuraCons. 

Furthermore, we evaluated the effect of in-plane circuit layout (Cartesian vs. cylindrical). Cartesian 
layouts introduced angular deviaCons of the centrifugal force, leading to systemaCc discrepancies in 



metered volumes across circuits. While these variaCons were reproducible, they necessitate 
compensatory design adjustments—such as modifying chamber geometries based on posiConal 
bias—to achieve uniform volume selecCon. In contrast, cylindrical layouts yielded more uniform and 
precise metering, benefiCng from symmetric centrifugal alignment. 

These findings provide pracCcal insights for improving the metering reliability of centrifugal pla\orms, 
parCcularly for applicaCons requiring high precision and integraCon of complex workflows. This work 
contributes toward the development of predicCve design guidelines and robust fluidic architectures 
for next generaCon of LOAD systems in diagnosCcs, biochemistry, and sample preparaCon. 
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