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ABSTRACT

Background: PMMA cementation couples time-dependent, non-Newtonian flow with exothermic polymerization. Long
femoral stems challenge mantle control because viscosity rise, canal pressurization, and insertion kinematics must be
coordinated over a larger cement volume while maintaining a conservative thermal window.

Methods: We implemented a fluid—thermal control law (u—Ap—U-06) emphasizing early low-viscosity continuous
pressurization with proximal sealing, an isovelocity stem-insertion trajectory, and J-guided mantle balancing using
surgeon-observable resistance/back-pressure cues. Postoperative radiographs were graded for cement quality
(Barrack,; Gruen zones) and calibrated mantle thickness, with an a priori target of 2—4 mm.

Results: The cement mantle was continuous (Barrack A—B on AP and B on lateral) with no radiolucent lines >1 mm.
Calibrated mantle thickness was predominantly within the 2—4 mm target band, with a focal maximum of 7.5 mm; no
periprosthetic fracture occurred.

Conclusion: Framing cementation as a coupled fluid—thermal control problem provided a practical pathway to
achieve a high-quality mantle in a long-stem construct. Thermal risk was constrained by design (pre-cooling, sustained
pressure plateau, and avoidance of thick cement pockets) relative to a conservative <47 °C x 60 s criterion, motivating
prospective validation with intraoperative pressure/temperature logging.

Translational potential of this article: A low-dimensional control law—operationally visible to surgeons as timing
(), steadiness (4p), and kinematics (U), with 6 as a proxy for thickness uniformity—can steer cementation toward
a reproducible 2—4 mm mantle even for long stems. The framework is directly testable with intraoperative pressure/

temperature logging and bench thermal characterization.

Keywords
PMMA bone cement, Cementation, Long femoral stem, Cement
mantle thickness, Process control, Pressurization, Thermal safety.

Introduction

PMMA cementation is a coupled fluid and thermal process:
time- and temperature-dependent, shear-thinning rheology drives
pressure-assisted interdigitation into cancellous bone, while
free-radical polymerization releases heat [1-3]. Contemporary
guidance emphasizes modern cementing technique and the

geometric importance of a continuous 2—4 mm mantle [4,5]. In
vivo and in vitro measurements show that intramedullary pressure
is highly technique dependent and can peak during stem insertion,
providing a plausible mechanistic handle for process control via
Ap and insertion kinematics [6-9]. We hypothesized that a p—
Ap—-U-9 control law can steer the intraoperative process toward
a high-quality mantle band—here demonstrated in a long femoral
stem—while constraining thermal exposure by design relative to a
conservative =47 °C x 60 s criterion [10-14].
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Materials and Methods

Study design and case overview

A modeling-guided clinical case using pre- and postoperative
AP radiographs of a cemented long femoral stem in osteopenic
morphology. Perioperative steps followed modern cementing
practice; the p—Ap—U—93 schematic and SOP are provided in the
Supplementary Material.

Cementation protocol

Vacuum mixing and retrograde injection were performed after
pulse lavage and suction drying [15,16]. A proximal pressurizer
maintained a continuous Ap plateau through the low-viscosity
window; components and delivery were pre-cooled. The stem was
advanced at near-constant velocity without hammering, consistent
with evidence that insertion dynamics materially influence
intramedullary pressurization [6-9].

Control framework

Control variables and objectives: w(t,T,y) denotes the evolving
cement viscosity [1-3]; Ap(t) is the intramedullary pressure
maintained by proximal sealing and pressurization [6-9]; U is the
stem insertion velocity; and d(t) is a surgeon-observable proxy
for mantle non-uniformity, inferred from fluctuations in back-
pressure/insertion force and used to guide centering and kinematic
adjustments. Radiographically, mantle geometry was quantified by
mantle thickness h and focal extrema.

To map alow-dimensional design space, pressure-driven infiltration
was represented by a first-order saturation model, X(t)=Xoo[1-
exp(—pt)], where the rate B scales with effective permeability k,
pressure Ap, and inverse viscosity p (BockAp/p). This captures an
early-time Darcy-like regime (X~Xooft) and later saturation as
available pore space fills. Thermal dose was treated as a design
constraint, either by limiting peak temperature (max T<47 °C) or
by constraining time above 47 °C ([T-47 °C]_+dt <60 s), a
conservative threshold often used to operationalize thermal injury
risk [14,17-19]. Bench-top thermal/rheological characterization
(e.g., DSC-derived kinetics) can provide quantitative priors for
u(t, T) and exotherm modeling [20]. These design constraints
map onto standardized acrylic cement descriptors (e.g., doughing
time, setting time, and maximum polymerization temperature) as
specified in ISO 5833 and ASTM F451, facilitating reproducible
benchmarking across cements and laboratories [21,22].

Radiographic and geometric analyses

Mantle quality was graded (Barrack A—D) and continuity across
Gruen zones recorded; radiolucent lines >1 mm were noted [23,24].
Pixel-calibrated mantle thickness was measured at predefined
proximal, mid-stem, and distal levels (reported as predominant
range and focal extrema); the a priori target was 2—4 mm, with
>7 mm pockets flagged. All measurements were performed on the
calibrated postoperative AP hip view, acknowledging projection
and magnification limitations.

For radiographic calibration, the known implant outer diameter of

50 mm (cup/head) on the postoperative AP hip was used as an
in-image scale, yielding a pixel size of approximately 0.515 mm
per pixel for that view; all thickness values in (Tables 1,2) were
derived using this calibration.

Table 1: Calibrated radiographic metrics and calibration parameters.

Metric Value Unit Notes
Cement mantle Radiographic target band
thickness 2-4 mm (calibrated postoperative
(predominant range) AP hip view)
Cement mantle
thickness (focal 7.5 mm Flag >7 mm pocket
maximum)
Barrack grade (AP/ AB/B | — Continuous across Gruen
lateral) 1-7
Radiolucent lines
No —
(>1 mm)
In-image calibration | Cup/head 11.1-1m.age scal§ on AP
. - mm hip view (subject to
object OD =50 Lo . .
projection/magnification)
Pixel size (AP hip mm/ Derived from 50 mm OD
. 0.515 .
view) pixel ~ 97 px

Table 2: Process parameters for the p—Ap-U-3 control-law (operative
SOP).

Parameter Target/Setting Rationale
Begin in low-viscosity L .

nw(t,T.y) window Promote wetting/infiltration
Continuous moderate Drive pressure-assisted

Ap plateau via proximal interdigitation; avoid spikes/
pressurizer gaps

o . Uniform mantle balancing;
Isovelocity insertion; no

U . reduce periprosthetic fracture
hammering .
risk
. . Surgeon-observable proxy
3(t) Back—pr;ssure / insertion- for centering and thickness
force guided . .
uniformity
Pre-cool PMMA & Prolong work time; lower
Boundary .
o delivery; pulse lavage + | peak exotherm; enhance
conditions . .
suction convection
Maintain 2—4 mm mantle; Con;tram therm.al dose
Geometry . and improve fatigue/stress
avoid >7 mm pockets .
behavior
Endpoints

Primary endpoints: Barrack A-B continuous mantle predominantly
within the 2—4 mm target band; absence of periprosthetic fracture;
and thermal conservatism by design referenced to a conservative
~47 °C x 60 s criterion.

Results

Radiographs and mantle geometry

Calibrated mantle thickness was predominantly within 24
mm, with a focal maximum thickness of 7.5 mm. The mantle
was continuous (Barrack A-B on AP and B on lateral) with no
radiolucent lines >1 mm. Representative postoperative radiographs
(Figures 1A—C) show a continuous PMMA mantle along the long
femoral stem, with radiopaque cement visible distally below the
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stem tip, and confirm equal limb length on the long-leg view.

Figure 1: Postoperative radiographs of a cemented long femoral stem
(de-identified). Panel A (left) shows the AP pelvis for global alignment
and limb-length context; prior lumbosacral instrumentation is unrelated
to the index procedure. Panel B (right) shows the AP hip demonstrating a

Viscosity rise with conversion (illustrative)

Darcy-Washburn cement infiltration (illustrative)

continuous PMMA mantle around the long femoral stem (Barrack A-B),
central stem position, and no radiolucent lines >1 mm. Panel C shows
a long-leg AP radiograph confirming equal limb length and allowing
visualization of radiopaque cement along the distal segment below the
long stem. The known implant outer diameter (50 mm, cup/head) was
used as an in-image calibrator for pixel-to-millimetre conversion.

Design space for cement infiltration (z) and coating thickness (6,
Quality = f[ p(t,T), Ap, 6(t) ]

2.5

Normalized pressure gradient Ap/Apre

1.0 1.5 2.0 Z2:5
Normalized viscosity p(t, T)uo (4 more fluid)

3.0

Figure 2: p—Ap design space for cement infiltration (z) and mantle-
thickness outcome (h). The diagonal bright band (z=1.0-1.3; h=2—4
mm) defines the target operating region. Intraoperatively, & represents a
surgeon-observable proxy used to steer toward this band (e.g., steadiness
of resistance/back-pressure reflecting centering and thickness uniformity).
Pre-cooling shifts the trajectory left (lower p); sustained pressurization
shifts up (higher Ap); and isovelocity insertion reduces h variance.

Discussion

In this modeling-guided clinical case, a high-quality cement mantle
in a long femoral stem was achieved when cementation was treated
as a controlled fluid—thermal process. The key insight is that p(t, T,y)
evolves rapidly during the working phase, and both pressurization
strategy and insertion kinematics can exploit the low-pu window
to increase penetration while avoiding maldistribution [1-3,6-9].
Experimental studies demonstrate that intramedullary pressure
is highly technique dependent and may peak during component
insertion rather than during initial compaction, emphasizing the
value of maintaining a sustained—but non-spiking—Ap plateau
and an isovelocity insertion plan [6-9].

Importantly, the thermal argument in this report is by design rather
than by direct measurement: boundary-condition engineering

Adiabatic temperature rise during cure (illustrative)

s £ @ 5 i)
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Figure 3: Process-level time-courses (a—c): (a) viscosity rise p(t) identifies the low-p working window; (b) pressure-driven infiltration represented
phenomenologically as X(t)=Xoo[ 1—e*{—ft} ] under a steady Ap plateau (BockAp/p); (c) schematic adiabatic temperature rise motivating the conservative

thermal-window rationale (=47 °C x 60 s).
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(pre-cooling, sustained pressurization, avoidance of thick cement
pockets) was used to reduce the likelihood of prolonged exposure
above a conservative 47 °C threshold, grounded in classic heat-
injury experiments [14]. Intraoperative thermocouple studies and
computational heat-transfer models provide plausibility for this
strategy and clarify why thick cement sections and prolonged
setting increase risk [17-19], while DSC-based kinetics can supply
quantitative inputs for future model calibration [20].

Limitations include single-case demonstration, reliance on
2D radiographs with in-image calibration, and the absence of
intraoperative pressure/temperature traces. Future work should
combine intraoperative logging with bench-top rheology/thermal
characterization and standardized cement test endpoints (ISO 5833;
ASTM F451) to enable reproducible cross-study comparisons
[3,20-22], and extend geometric outcomes (e.g., femoral offset) to
link process control to functional biomechanics [25-27].

Conclusions

A p—Ap-U-§ control-law perspective demonstrated feasibility of
achieving a continuous 2-4 mm PMMA mantle in a long-stem
construct. The approach is directly translatable as an operative
SOP and is suitable for prospective validation with pressure/
temperature logging.
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