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Abstract—Archimedes screws are most commonly used in 

robust pumping and dewatering schemes, and for hydropower 

generation. Though they have been in use for almost three 

millennia, there is no investigation of their structural mechanics 

present in the published literature. This study presents novel 

techniques that were used to experimentally quantify deflection 

on an Archimedes screw under varying load conditions. A first-

of-kind finite element analysis (FEA) model of an Archimedes 

screw was developed. The experimental results were used to 

evaluate the accuracy of the FEA model, and the model was 

then used to explore the impacts that varying the number of 

screw blades on the structural response in an Archimedes screw. 

Keywords-structural mechanics; experiments; finite element 

analysis; numerical simulation; 

I.  INTRODUCTION 

The Archimedes screw pump (ASP) is an ancient pumping 
technology; it has been described as the oldest positive 
displacement pump [1]. Though ASP technology has been 
implemented for millennia, at the time of publication there was 
no published literature describing the structural mechanics of 
ASP design. Only a few empirical and heuristic models have 
been presented to consider deflection and thermal expansion  [2], 
though no supporting data or documentation was presented. This 
study sought to address this knowledge gap by presenting 
preliminary experimentation and early structural modelling 
efforts. The goal was to investigate the response of Archimedes 
screws under varying static loading conditions in an effort to 
better understand deflection within an Archimedes screw. 

The Archimedes screw’s namesake is the ancient Greek 
mathematician Archimedes of Syracuse. There is no evidence 
that Archimedes claimed to invent the device, though it has often 
been attributed to him by other historical authors (Athenaeus, 
Diodorus, etc.) when describing its application for irrigating the 
Nile Delta in the 3rd century BCE [3], draining mines in the 
Hispania provinces of the Roman Republic and Empire [4], as 
the first recorded bilge-pump on a 3rd century BCE Syracusan 

naval flagship [5], and when describing design iterations and 
improvements [6, 7]. Though its true origins appear lost to 
history, evidence suggests the technology was likely developed 
in Lower Egypt, or in the Neo-Assyrian Empire (c. 7th century 
BCE) [8]. Archimedes likely learned of the device when 
studying at the University of Alexandria in the 3rd century BCE. 

With such a storied history, the Archimedes screw has seen 
many applications and design iterations. It has been used as a 
pump for land drainage [9], wastewater [2], grains and granular 
solids [10], and to pump hatchery-raised fish while restocking 
water bodies [11]. It has also been employed for ship propulsion 
[12], to propel amphibious [13] and marginal terrain vehicles 
[14], as a pump for injection moulding [15], in heart valve 
replacements [16], and for hydropower generation [17]. 

Design of ASPs has changed since their first documented 
use. Assyrian king Sennacherib (704-681 BCE) wrote an 
inscription in Akkadian on a clay prism that described his palace, 
palace gardens, water control methods, and bronze castings used 
for water control.  Based on the context of the text, Dalley [8] 
interpreted the inscription as describing helical water screws cast 
of bronze and used to raise water at a palace in Ninevah. Though 
no dimensions were given, Dalley notes that if the cast screws 
were similar dimensions to later Egyptian, Greek, and Roman 
screw pumps, it is estimated that they would have weighed 
between 2 to 3 tons [8]. 

The first indisputably documented screw pumps were likely 
constructed from wood, ceramic, or copper piping [18]. These 
screw pumps were effectively a helical coil of piping (see Figure 
1). No evidence was found regarding the drive mechanism for 
earlier screw pumps, though they are often depicted in 
anachronistic illustrations with a hand-crank. Regardless of the 
drive mechanism, it was documented that the earliest screw 
pumps were operated by one person [5]. 

Vitruvius described a later screw pump design in his Ten 
Books on Architecture (De Architectura) [7]. In the treatise, he 
outlined the early construction of what is now called an enclosed 
Archimedes screw pump (see Figure 2). The described water 
screw was manufactured with a long, straight beam (like a ships 



   

mast), willow withes (or similarly flexible, straight wood), 
boards, and liquid pitch (resin) [7]. The willow withes were 
soaked in pitch and wound helically around the central beam. 
Afterwards, pitch-soaked willow withes were added on top of 
the windings, serving to increase the height of the blades in the 
radial direction. This was continued until a desired total diameter 
was reached. The newly fabricated blades were then covered 
with pitch-soaked boards, fastened at points along their length 
with iron strapping (like a wooden barrel), and placed between 
two crossbeams by rudimentary journal bearings at a desired 
inclination [7].  

Modern screw pumps may still be manufactured with an 
enclosed trough similar to Vitruvius’ design [2], though it is 
more common for pumping stations to implement a fixed-trough 
design. The fixed-trough Archimedes screw design has the 
screw rotate within a fixed concrete, or steel-lined trough with a 
small, intentional gap left between the blade tips and the trough. 
The gap is set at a width (Gw) large enough that wearing and 
friction losses are minimized, yet small enough to also minimize 
losses associated with leakage flow through the gap (i.e., gap 
leakage, Qg). Figure 3 shows the layout of a modern screw pump 
station; the figure is annotated with the variables and parameters 
often used to describe the design and operation of a modern, 
conventional Archimedes screw.  

Archimedes screws are often described by their geometric 
parameters, including the outer diameter (Do), inner diameter 
(Di), pitch (S), length (L), inclination angle (β), gap width (Gw) 
and number of blades (N) (Figure 3). Screw pumps are also 
described by their operating parameters, like their rotation speed 
(ω), upper (hU) and lower (hL) water levels, and total deliverable 
flow rate (Q). 

Archimedes screw geometry plays a clear role in the 
structural mechanics of the system. The modern screw has a 

complex geometry: a hollow cylindrical tube capped with shaft 
hubs on each end, set at an incline, with blades welded helically 
along most of its length. Analytically, the state-of-the-art 
literature recommends neglecting the screw blades and 
performing structural calculations as if the screw were an 
inclined, simple span beam with a hollow, cylindrical cross-
section [2]. It has been alleged that the blades add no helpful 
supporting characteristics to the screw structure, though no 
evidence was provided to support the claim [2]. 

It is hypothesized that the addition of screw blades might not 
reinforce the screw’s structure, and that in increasing the screw’s 
weight, it will increase deflection. So, additional screw blades 
may have an adverse structural impact on the screw and require 
a larger blade-trough gap to support increased deflection. The 
finite element analysis (FEA) performed in this study will 
investigate the impact of a varying number of blades for an 
otherwise identical screw geometry.  

II. EXPERIMENTAL METHODOLOGY 

The tested screw was made of ASTM A500 Grade B/C steel. 
Its inner cylinder was constructed from round, hot rolled, hollow 
structural section tubing with a 4” outer diameter and .125” walls 
(equivalent to 101.6 mm and 3.175 mm, respectively). The 
tubing was cut to a length of 1460 mm and two .25” (6.35 mm) 
end caps were welded to seal the cylinder and affix hubs for a 
shaft to mount between bearings. Three blades were welded 
axially along the screw at equal radial spacing for a total flighted 
axial length of 48”. Screw dimensions are reported in Table 1. 

TABLE I.  LABORATORY-SCALE ARCHIMEDES SCREW DIMENSIONS 

Do 

(m) 

Di 

(m) 

S 

(m) 

L 

(m) 

N 

(-) 

0.316 0.102 0.317 1.219 3 

 

The screw was mounted between two rolling element 
bearings that were press fit into wooden sawhorses made of 
dimensional lumber (Figure 4). The assembly was set on top of 
a rigid, solid oak work bench. Though the work bench and 

 

Figure 1.    Traditional representation of the Archimedes screw pump, from 

[12]. 

 

 

Figure 2.    “Construction of the water screw” from Vitruvius [6]. 

 

 

Figure 3.    Archimedes screw pump dimensions and layout. 

 



   

sawhorses were rigid, they were still subject to some flexion due 
to the nature of their construction material. This introduced some 
unwanted experimental uncertainty, though it yielded the 
advantage of minimizing costs for this preliminary investigation. 

Analogue indicators were affixed to the workbench and set 
against the screw at three locations along its length 
(corresponding to Figure 7). Three 0 to 1 inch dial indicators 
(Power Fist #2970986) were used to measure deflection in the 
screw (Figure 5). The indicators measured in increments of 1 
thousandth of an inch (0.0254 mm). From the right-side fixture 
(see Figure 4), the indicators were placed at 6.35 cm, 69.4 cm, 
and 151.5 cm.  

Two lengths of 1” polyester webbed strapping with vinyl-coated 
S-hooks were used to fasten a load to the centre of the 
Archimedes screw in the experimental fixture. Experiments 
began with a baseline, zero-load case. Next, a 20 litre, rigid high-
density polyethylene bucket was fastened to the webbed 
strapping via the S-hook (see Figure 6). With the bucket empty, 
another set of measurements were taken to measure the bucket’s 
no-load case. 

After the zero-load conditions and baseline measurements were 
taken, the experiment was iterated while increasing loads. To 
increase the applied load on the screw, a volume of water was 
collected in a beaker and weighed. The water volume was then 
added to the 20-litre bucket and the beaker was once again 
weighed to determine the net weight of applied load that was 
added to the bucket. This number was recorded along with the 
dial indicators’ measurements of deflection along the length of 
the screw. This process was iterated until the 20 litre bucket was 
full.  

Altogether, it took 22 iterations to fill the bucket, so at least 22 
datapoints were collected in total. Data was gathered for loads 
ranging from 0 N to 212 N, by increments of roughly 10 N. 

It was mentioned that the use of a wooden workbench and 
sawhorses were very cost effect at the expense of introducing 
higher levels of experimental uncertainty. For this preliminary 
analysis, that was required to be a tolerable trade-off.  

Experimental error was estimated to be 0.970 mm under 
maximum loading conditions during testing. The dial indicator 
had a measurement error of ± 0.0127 mm.  

Measurement uncertainty associated with the wooden fixture 
was estimated by approximating the stiffness of the dimensional 
lumber sawhorses and the oak workbench. The oak workbench 
was built in Quebec and was likely constructed from white oak, 
which was estimated to have a modulus of elasticity of 12.3 GPa. 
This corresponded to an estimated maximum tested body 
displacement of 0.00246 mm. 

The dimensional lumber was purchased in southern Ontario 
and designated as SPF lumber (spruce-pine-fir). This 
designation is often applied to white spruce, Engleman spruce, 
red spruce, black spruce, jack pine, lodgepole pine, balsam fir, 
and (sub)alpine fir. Conservatively, the least stiff wood species 
was selected to estimate the maximum potential displacement. 
The most elastic SPF wood species had a modulus of elasticity 
of 8.89 GPa. This corresponded to an estimated maximum tested 
body displacement of 0.955 mm. 

 

Figure 4.    Experimental apparatus – a laboratory-scale Archimedes screw 

held on bearings between two sawhorses on an oak workbench. 

 

 

Figure 5.    Dial indicator mounted to apparatus and engaged on the 

Archimedes screw’s inner cylinder. 

 

Figure 6.    A 20 litre bucket was filled with water to increase and decrease 

loading for the validation experiments. 

 



   

III. NUMERICAL METHODOLOGY 

SolidWorks Simulation (SolidWorks Corp., 2023) was used 
in this study to perform static simulations on the Archimedes 
screw domain. SolidWorks Simulation had the benefits of being 
readily available to the researchers and having a familiar 
platform, all while having a high degree of reliability. All solvers 
included in SolidWorks Simulation have been benchmark tested 
and validated by the independent National Agency for Finite 
Element Methods and Standards (NAFEMS). Particularly for 
the static simulations used in this study, the solver will produce 
results with the same quality as other, more venerable finite 
element analysis software packages. 

An Archimedes screw was modelled in SolidWorks 
(SolidWorks Corp., 2023). The model was given the same 
dimensions as the experimental screw (see Table 1). End caps, 
hubs, and the three screw blades were modelled as separate 
bodies so they could be assigned bonded contact with the inner 
cylinder, simulating the real-world welded connections. 

The screw was meshed using SolidWorks Simulation’s 
tetrahedral node elements. A higher level of refinement was 
applied near the screw end caps and other transition regions to 
improve accuracy in regions of interest. Figure 7 shows the three 
planes at the same locations corresponding to the dial indicators 
used in the experiments. To prevent the development of stress-
singularities in the simulation, all sharp transitions were treated 
with at least a minimal radiused feature (i.e., a fillet or sharp edge 
break).  

The simulation was set with fixtures to simulate bearings on 
each end of the screw. The lower end of the screw (right side of 
Figure 7) had boundary conditions that prevented radial and 
torsional motion. It also had a boundary condition on the shaft 
shoulder that prevented axial motion. The upper end of the screw 
(left side of Figure 7) was given boundary conditions on its shaft 
that prevented only radial motion, ensuring that boundary 
conditions were not over-defined. 

Split lines were used to create surface areas corresponding to 
the strapping used to fix the load on the screw experimentally 
(see Figure 6). A distributed load was applied on this surface 
area. Gravitational acceleration was supplied as a condition in 
the simulation; alongside material properties and inherent 
volume, this yielded weight characteristics and their impact on 
the simulation. 

A mesh sensitivity analysis was performed to determine an 
appropriate mesh for the simulations. The maximum 
displacement was recorded (top-left, Figure 8) for the varying 
mesh sizes. However, considering the potential for stress-

singularities to develop in the full domain, the region of interest 
was probed at five locations as well (top-right, Figure 8).   

Considering deflection, it appeared that the results were 
always mesh-independent. The von Mises stress results were 
more impacted by mesh refinement levels (bottom-left, Figure 
8). So, the authors used the stress results as an indicator of mesh 
sensitivity to yield a more reliable independent mesh refinement 
level. It was observed that the simulation became acceptably 
mesh-independent with 328058 elements, which seemed to be 
corroborated with the maximum displacement data as well. 

IV. RESULTS 

The experimental results are presented in Figure 9 with 
dashed lines to help better visualize the data. Data is reported in 
dimensionless terms. The dimensionless distance along the 
screw is on the horizontal axis. It is the location of the dial 
indicator from the right-side fixture (see Figure 4) divided by the 
screw’s pitch. In other words, it is the number of pitch lengths 
the dial indicator is away from the right-side fixture. The vertical 
axis presents the dimensionless deflection. Deflection was 

 

Figure 7.    Simulation domain with mesh overlayed. The location of the 

three dial indicators used in the experiments are overlayed as 3 planes. 

 

Figure 8.    Sensitivity analysis results showing maximum deflection 

against number of elements (top left), deflection over the dimensionless 

length of the screw (top right), and von Mises stress over the dimensionless 

length of the screw (bottom left). 

 

Figure 9.    Experimental results presented as dimensionless deflection over 

the dimensionless length along the screw. 



   

normalized by dividing by the inner diameter of the screw (Table 
1). The term is thus analogous to strain. 

It was observed that the deflection increased roughly linearly 
with the applied load, as should be expected. The highest 
recorded deflection was 0.432 mm while the screw was under 
212 N of load.  

Simulated data was normalized with the same methods. The 
non-dimensional simulation results are presented in Figure 10. 

Simulated results showed similar trends to experimental 
observations. The deflection appeared to increase linearly with 
the applied load. The very reasonable and expected deflection 
response lent some credence to the accuracy of the simulation 
results. 

The results had an average relative error of 0.786, which was 
not excellent. However, the dimensional difference between 
simulation and experiment was between 0.01 mm and 0.356 
mm, which was well within experimental uncertainty. Based on 
the experimental uncertainty analysis proposed in the 
methodology, it seemed that deformation in the lumber 
apparatus had the potential to be much higher than the 
deformation of the screw under the tested loading conditions.  

Direct comparisons with error bars were drawn between all 
simulation and experimental runs. It was easiest to visualize and 
compare higher-magnitude data, so the data corresponding to a 
load of 212 N is shown in Figure 11. The comparison was 
overlayed with the results for the 18 N data as well to 
demonstrate the high degree of experimental uncertainty and 
how it was impacted by loading.  

It is considered that, though the simulations did not yield 
nominal results similar to the experimental results, there was a 
very high degree of experimental uncertainty. Though the results 
do not agree well, they do not discount the validity of the 
simulation. Since overall trends were in the correct direction, of 
the right form, fixturing was sensible, and it was a simple, static 
simulation, the authors suggest that the FEA model was a 
reasonable approximate projection of the structural response and 
deformation of an Archimedes screw under various loading 
schemes. 

Using the new preliminary structural model, the authors 
explored the impact of number of blades on an Archimedes 
screw’s structural response. Simulations were run at 212 N with 
N = 0, 1, 2, 3, 4, and 5 blades to observe the impact of blades on 
deflection (Figure 12). Finite element analysis was an excellent 
tool to use for this comparison since it was very costly to 
manufacture a range of unique screws for testing. Using 
numerical techniques provides valuable insight, especially for 
preliminary investigations, while incurring much lower costs.  

It was observed that the addition of blades to the simulated 
Archimedes screw increased deflection. Since the loading 
characteristics did not change, it is suggested that this was due 

 

Figure 10.    Simulation results presented as dimensionless deflection over 

the dimensionless length along the screw. 

 

Figure 11.    Comparison of experimental results and simulated results for 
the 18 N and 212 N runs. Results are presented as dimensionless deflection 

over the dimensionless length along the screw. Experimental data are 

presented with error bars to aide in model evaluation. 

  

Figure 12.    Impact of number of screw blades on deflection. Data is 

presented as dimensionless deflection over the dimensionless length along 

the screw for the six variations. 

  

Figure 13.    Impact of normalized screw weight on maximum 

dimensionless deflection. 



   

to the addition of weight with each blade. Each blade of the 
screw weighed approximately 6.69 kg, with the experimental 
three-bladed screw weighing about 35.3 kg. To investigate this 
further, the weight of the screw (Fg) was normalized by the 
applied load (P) and compared against the maximum 
dimensionless deflection observed for the screws with varying 
number of blades (Figure 13).  

A direct linear correlation was found between weight and 
maximum deflection in the FEA results. This suggests that the 
hypothesis of additional blades increasing deflection, rather than 
reinforcing the screw, may be true. 

V. CONCLUSION 

This study was a very important first step in ongoing efforts 
to perform structural analyses in Archimedes screws. There 
currently exists no literature exploring the structural mechanics 
of Archimedes screws in any useful capacity for engineers and 
designers.  

An example of the benefits of making improvements in this 
field include designing Archimedes screws with more precise 
blade-trough gaps. With more precise design, both leakage and 
frictional losses could be further minimized as well as yielding 
an increased lifespan of the screw trough and installation. 

This study demonstrated a proof-of-concept for structural 
analysis of Archimedes screws. It will serve as the foundation 
for ongoing investigations to optimize the design of Archimedes 
screws for eco-friendly hydropower generators (Archimedes 
screw generators), and dewatering in a climate-impacted future 
(Archimedes screw pumps). 

In this preliminary study, it was clear that screw geometry 
played a very important role in the structural mechanics of the 
system. Ongoing structural analysis will focus on varying screw 
geometric parameters including: system size (larger screws), 
diameter ratio, pitch ratio, length ratio, and inclination angle. 
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