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ABSTRACT
High-pressure generation in multi-anvil presses has long been limited to pressures below ∼25 GPa when millimeter-scale samples are required. 

In this study, we systematically optimized the experimental setup for a Kawai-cell assembly using tungsten carbide anvils with a truncation 

edge length (TEL) of 3 mm to extend the achievable pressure range. Our results show that, in contrast to previous studies using smaller 

assemblies (TEL = 1.5 and 1.0 mm), tapering the anvils solely has a negligible effect on pressure-generation capability for the large sample 

volumes investigated here, despite a substantial increase in anvil gap under the same load. In contrast, reducing the gasket volume significantly 

improves the efficiency of press-load transmission to the sample, enabling an ∼33% increase in pressure compared with conventional designs 

using the same type of anvil. Using the optimized gasket design together with ultrahard tungsten carbide anvils with a 1 

○ taper (TJS01, Fujilloy; 

TEL = 3 mm), pressures of up to 45.8 GPa were achieved at room temperature while maintaining a truncation-confined volume >10 mm 

3 

and an anvil gap >0.3 mm. This technical breakthrough not only enables the synthesis of functional materials with large sample volumes at 

pressures above 45 GPa but also opens doors to unprecedentedly high pressures for precise physical property measurements that require large 

sample volumes and large anvil gaps, including ultrasonic interferometry, electrical impedance, and thermal conductivity measurements in a 

multi-anvil press.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0323039

I. INTRODUCTION

The multi-anvil press is a widely used device for generating 

high-pressure and high-temperature (HP–HT) conditions in geo-
science and materials science. 

1–4 By employing second-stage anvils 

consisting of eight tungsten carbide (WC) anvils with truncated cor-
ners that compress an octahedral assembly (“6–8 type”), the Kawai-
type multi-anvil assembly has conventionally been used to generate 

pressures up to ∼25 GPa. 

5 Compared to another popular static

compression technique, the diamond anvil cell (DAC), the multi-
anvil press typically offers sample volumes that are a few orders of 

magnitude larger and also provides more homogeneous P–T fields. 

6 

So, this enables precise in situ measurements of physical proper-
ties on bulk samples under high-pressure and high-temperature 

(HP–HT) conditions. 

7–9 However, a major limitation of the multi-
anvil technique is its limited pressure-generation capability, which 

remains far below that of diamond anvil cells (DACs); the lat-
ter can generate pressures up to ∼1 TPa, 

10 although with severely

Rev. Sci. Instrum. 97, 043903 (2026); doi: 10.1063/5.0323039 97, 043903-1
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limited sample volumes (tens to hundreds of μm 

3 ), in contrast to the 

much larger volumes attainable in conventional multi-anvil exper-
iments (tens to hundreds of mm 

3 ). This technical limitation of the 

multi-anvil technique has hindered the exploration of a range of fun-
damental scientific questions. For example, direct measurements of 

the shear and bulk moduli of mantle minerals under lower-mantle 

conditions (up to ∼135 GPa) are required to correctly interpret 

seismic observations and to constrain the composition of the bulk 

silicate Earth (e.g., Ref. 11). However, such experiments remain 

elusive with conventional multi-anvil setups.
Recent advancements in multi-anvil techniques include opti-

mizing the geometry of second-stage anvils 

12,13 and employing 

ultrahard, although expensive, anvils, such as C2-grade sintered dia-
mond (SD) anvils 

14 from Sumitomo and TJS01 tungsten carbide 

anvils from Fujilloy, 

12,15 which together have enabled pressure gen-
eration approaching 

16 or exceeding 100 GPa. 

13,14 However, these 

extremely high pressures are achieved at the expense of sample vol-
ume: the use of anvils with reduced TELs (e.g., 1.5 or 1.0 mm) 

results in significantly reduced truncation-confined volumes, which 

are ∼87.5% and ∼96.3% smaller than those obtained using the con-
ventional multi-anvil assemblies with a TEL of 3 mm, respectively. 

Such small anvils defeat the primary advantage of the multi-anvil 

technique, making it difficult to obtain a sufficiently large sample 

for post-characterization such as Vickers hardness testing, single-
crystal X-ray diffraction, or comprehensive measurements of other 

properties. More critically, in situ measurements of bulk physi-
cal properties under HP–HT conditions are nearly impossible with 

such a small sample volume. Another approach to increasing the 

pressure-generation capability of multi-anvil presses is the intro-
duction of a third-stage anvil (6–8–2 configuration), in which dia-
mond anvils/pistons are embedded within the octahedral pressure 

medium. 

17–19 Using this configuration, pressures of up to ∼125 GPa 

at room temperature have been achieved. 

17 However, large differ-
ential stresses are expected within the sample under such highly 

uniaxial compression conditions, which do not satisfy the quasi-
hydrostatic requirements of most high-pressure studies. In addition, 

the effective sample volume at peak pressure is confined to a small 

region near the center of the diamond anvils/pistons, similar to 

that in DAC experiments. 

20 This volume is, therefore, substantially 

smaller than that attainable in conventional 6–8 multi-anvil experi-
ments, where pressure can be maintained relatively homogeneously 

over a large region within the octahedral pressure medium.
In this study, we systematically optimized the pressure-

generation capability of a 7/3 Kawai-type assembly [7 mm octahe-
dral edge length (OEL) and 3 mm truncation edge length (TEL)] to 

extend the achievable pressure range in a multi-anvil press, while 

maintaining a sufficiently large sample volume for ex situ character-
ization and in situ bulk physical property measurements. The pri-
mary objective is to extend the pressure range of conventional 3 mm 

TEL assemblies without sacrificing sample volume or anvil gap. This 

was achieved through a set of synergistic strategies, including the 

optimization of the gasket geometry, the use of tapered anvils, and 

the application of ultrahard WC anvils (TJS01). As a result, pres-
sures of up to 45.8 GPa were achieved at room temperature while 

preserving an anvil gap exceeding 0.3 mm, demonstrating a sig-
nificant extension of the pressure range accessible to large-volume 

multi-anvil experiments.

II. EXPERIMENTAL METHODS
A. Multi-anvil apparatus

The multi-anvil experiments were conducted using both an 

in-house facility and synchrotron-based multi-anvil beamlines. The 

in-house experiments were performed using a 1500-ton multi-anvil 

press (DIA-1500T) equipped with an Osugi-type guide block, 

21 

installed at the Center for High Pressure Science and Technology 

Advanced Research (HPSTAR). The press employed six first-stage 

anvils made of 1.3395 steel (60–62 HRC) with 50 mm edge lengths at 

the anvil faces. The tetragonal compression asymmetry of the DIA-
1500T press was calibrated using deformation of a steel dummy 

cube. The maximum dimensional difference among the three axes 

was within ±20 μm over a load range of 2.3–13.7 MN, signifi-
cantly reducing the risk of blowout associated with asymmetric 

compression.
The in situ pressure calibrations were performed in a 2000-ton 

multi-anvil press with an Osugi-type guide block at the beamline 

BL12SW 

22 of the Shanghai Synchrotron Radiation Facility (SSRF) 

and a six-axis multi-anvil press, Aster-15, installed at the beamline 

P61B 

23 at the Deutsches Elektronen-Synchrotron (DESY). The press 

load in Aster-15 was converted to an equivalent uniaxial load in a 

multi-anvil press equipped with an Osugi-type guide block.

B. Assembly design and pressure determination
The 6–8 Kawai-type assembly composed of eight truncated 

cubic anvils, an octahedral pressure medium, and pyrophyllite gas-
kets was placed within a cubic compression space consisting of six 

first-stage anvils. In this study, two types of tungsten carbide cubes 

from Fujilloy Co., Ltd., TF05 and TJS01, with an edge length of 

26 mm, were used as second-stage anvils, whose typical Vickers 

hardnesses are about HV2300 and HV2650, respectively. In some 

experiments, the anvils were machined with a 1 

○ taper, while flat 

anvils were used in all the other experiments. All anvils were trun-
cated to a TEL of 3 mm to compress a 7 mm edge-length octahedral 

pressure medium made of Cr 2 
O 3 

-doped MgO. The selection of 

binder-free TJS01 anvils and the implementation of anvil tapering 

were adopted based on the pioneering works for smaller assemblies 

(e.g., Kunimoto et al., 

15 Ishii et al., 

24 and Yamazaki et al. 

13 ).
Figures 1(a) and 1(b) present the cross section schematic 

diagrams of assemblies used for the in-house pressure calibra-
tion at HPSTAR. Pressure fixed points were determined by 

monitoring resistance changes associated with room-temperature 

phase transitions in ZnS (15.6 GPa 

25 ), GaP (23 GPa 

26 ), and Zr 

(34.5 GPa 

27 ). Regarding resistance measurement, GaP and ZnS were 

placed in the same MgO octahedron and separated by a Mo electrode 

[Fig. 1(a)], and the resistance was measured sequentially. The four-
wire method was utilized in Zr resistance measurement [Fig. 1(b)]. 

The representative resistance curves are shown in Fig. 2.
Figure 1(c) illustrates the octahedral assemblies used at 

synchrotron-based multi-anvil beamlines. A pressure marker 

(MgO, 

28 Fe, 

29 or Mo, 

30 see Table I) was placed adjacent to the sam-
ple. Pressures were estimated by measuring the unit cell volumes 

of the pressure markers and comparing them with their respective 

room-temperature equations of state (EOS). The energy-dispersive 

(ED-) XRD setups at beamline BL12SW and P61B were used to

Rev. Sci. Instrum. 97, 043903 (2026); doi: 10.1063/5.0323039 97, 043903-2
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FIG. 1. Schematic diagrams of (a) the cross section of the in situ experiment assembly, (b) the pressure calibration assembly for semiconductor calibrants, (c) pressure 

calibration using the four-wire resistance method, and (d) the relative arrangement of the octahedral pressure medium, gaskets, and anvils. The enlarged view highlights the 

tapered gaskets attached to the anvil truncations, with the gasket dimensions indicated. (e) Comparison between flat and 1 

○ -tapered anvils in top and side views. 1: GaP, 2: 

ZnS, 3: MgO pressure medium doped with 5 wt. % Cr 2 

O 3 

, 4: Mo electrode, 5: Pt foil electrode, 6: Zr, 7: Re foil heater, 8: thermal insulator, 9: pressure marker, 10: sample, 

and 11: spacer. TEL: truncated edge length of the second-stage anvil, T: thickness of the gasket, and W: gasket width measured from the truncation edge.

FIG. 2. Representative resistance measurements of (a) ZnS and GaP semiconductor calibrants and (b) the Zr metal calibrant.

measure the unit cell volumes of the pressure markers. A cylindri-
cal rhenium foil heater (25 μm thick, ∼1.7 mm in diameter) was 

used to heat the sample, and the temperature was measured using 

a type-D thermocouple inserted on the top of the sample. Various 

thermal insulation and spacer designs were employed depending on 

the sample materials and the targeted physical property measure-
ments; these details are not relevant to the present study and will be 

reported elsewhere.
As illustrated in Fig. 1(d), in all experiments apart from run 

SK080, 24 identical pyrophyllite gaskets were glued around each 

anvil truncation; each of these gaskets was truncated at the front 

end, with an angle of 54.74 

○ to the horizontal direction, to fit the 

gap between the anvils and the octahedron. The dimensions of the 

gasket were defined by TEL, width (W), and thickness (T). For

the fixed TEL and OEL, T is geometrically constrained and can be 

calculated directly. The gasket widths (W) were set as 3, 2.67, and 

2.5 mm in different experiments to investigate the effect of gasket 

volume on pressure generation. Before the experiments, all the gas-
kets were baked between 700 and 810 

○ C for 30 min. In run SK080, 

the conventional geometry gaskets (without truncation at the front 

end) were used, and the gasket width was 3 mm. To successfully 

mitigate blowout risks and ensure reproducible high-pressure gen-
eration, precise machining of the cell assembly and careful initial 

alignment of the first-stage anvils are paramount. As mentioned 

above, the tetragonal compression asymmetry was calibrated to be 

well within ±20 μm in our setup. While machining the tapered 

pyrophyllite gaskets requires slightly more preparation time com-
pared to conventional flat designs, this precise geometric matching

Rev. Sci. Instrum. 97, 043903 (2026); doi: 10.1063/5.0323039 97, 043903-3
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TABLE I. Details of the experiments reported in this work.

Run No. 

a
Anvil

material
Anvil

geometry
Gasket

geometry V_gskt (mm 

3 )

Load at 

highest 

pressure (MN)
Highest 

pressure (GPa)
Pressure

marker/calibrants

BT877 TJS01 1 

○ tapered W = 2.67 mm 386 11.9 45.8 Fe 

29 

SK087 TF05 1 

○ tapered W = 2.5 mm 350 11.8 35.9 MgO 

28 

DIA115 TF05 1 

○ tapered W = 2.5 mm 350 10.9 34.5 Zr 

27 

DIA143 TF05 1 

○ tapered W = 2.5 mm 350 3.7 23 ZnS, 

25 GaP 

26 

SK017 TF05 1 

○ tapered W = 3.0 mm 460 12.7 30.7 MgO 

28 

DIA015 TF05 1 

○ tapered W = 3.0 mm 460 4.7 23 ZnS, 

25 GaP 

26 

BT1044 TF05 Flat W = 2.67 mm 386 8.0 32.7 Mo 

30 

BT879 TF05 Flat W = 2.67 mm 386 7.0 30.5 Fe 

29 

SK080 TF05 Flat Conventional 588 7.8 26.2 MgO 

28

a SK denotes the experiments done at the BL12SW beamline at SSRF, DIA denotes the experiments done using the DIA-1500T press at HPSTAR, and BT denotes the experiments 

done at the P61B beamline at DESY.

is an essential investment to minimize irregular deformation of the 

octahedron during the critical initial stages of compression.

III. RESULTS AND DISCUSSION
Experimental details are summarized in Table I. The assem-

bly was first optimized by adjusting both the gasket volume and the 

second-stage anvil geometry (flat and 1 

○ tapered anvils). Figure 3(a) 

shows the pressure generation results with varied gasket designs 

and anvil geometry configurations while employing the same type 

of second stage anvils (TF05, Fujilloy). The pressure generation 

efficiency of the conventional 7/3 assembly, which employs non-
tapered gaskets with a width of 3 mm, is plotted for comparison. The 

results show that decreasing the gasket width [Fig. 1(d)], and thus 

reducing the gasket volume, plays a significant role in improving 

pressure generation efficiency, regardless of whether flat or tapered 

anvils are used. For example, experiments using optimized gaskets 

(W = 2.67 mm) and flat anvils (BT879, BT1044) generated pressures
∼25% higher than those obtained with the conventional configura-
tion at an applied press load of 7.8 MN (31.3 vs 24.9 GPa). This 

behavior likely reflects reduced lateral extrusion and plastic defor-
mation of the gasket material, thereby limiting load dissipation 

outside the truncation-confined region, allowing the applied press 

load to be transferred more efficiently to the sample through the 

anvils. Previous studies 

12,16,24 using smaller assemblies (TEL = 1.5 

and 1.0 mm) suggested that tapering the anvil might compensate for 

the local deformation around the truncation and therefore, improve 

the pressure generation efficiency. However, our results indicated 

that the tapered anvils do not improve pressure generation efficiency 

when the 7/3 assemblies are used. As shown in Fig. 3(b), the pres-
sures generated using flat and tapered anvils follow approximately 

the same trend with varying gasket volumes at 7.8 MN, with no 

significant difference observed. Nevertheless, the experiments using 

tapered anvils maintain higher efficiency at elevated loads and might 

ultimately achieve higher pressures under high-load conditions. For 

example, run SK087 with 1 

○ -tapered anvils (TF05) and 2.5 mm-high 

gaskets reached 35.9 GPa at 11.8 MN, which is ∼33% higher than 

the pressure reported in a previous study employing flat anvils and 

conventional gasket design under the same load (∼27 GPa). 

31 In

addition, runs using tapered anvils maintained significantly wider 

anvil gaps than those using flat anvils under similar conditions, 

which is consistent with results from previous studies employing 

1.5 mm TEL anvils. 

13

It is worth noting that results from in-house calibrations at 

HPSTAR and in situ pressure determination at the synchrotron 

beamline are in good agreement when identical assemblies are used. 

This consistency demonstrates both the good reproducibility of the 

assembly design and the comparability of experiments performed in 

the DIA-1500T press with those conducted at synchrotron beam-
lines (P61B at DESY and BL12SW at SSRF). The observed trends in 

pressure-generation efficiency are expected to be generally applica-
ble to other Osugi-type multi-anvil systems. It has been suggested 

that reducing the gasket volumes will, in general, increase the risk of 

blowout under high pressure. 

32 However, none of the experiments 

reported in Fig. 3 employing the optimized gasket configurations 

experienced gasket blowout or anvil failures even at the highest 

applied load, likely because optimized gasket geometries reported 

here represent a balance between pressure efficiency and mechan-
ical stability, rather than an attempt to minimize gasket volume
indefinitely.

Based on the empirical relationships identified in this study
between gasket dimensions, anvil geometry, and pressure generation
efficiency using TF05 anvils, we conducted an additional experiment
(BT877) employing the optimized assembly together with harder
WC anvils (TJS01, Fujilloy) to explore the pressure-generation capa-
bility of 3 mm TEL anvils. As shown in Fig. 4, experiments using
the optimized assembly, featuring 2.67 mm-high gaskets and 1 

○

anvil tapering—in combination with TJS01 anvils—exhibited a sig-
nificant improvement in pressure generation efficiency across the
entire applied load range (up to 11.9 MN) compared with previous
studies, achieving a maximum pressure of 45.8 GPa at the highest
load investigated. This pressure is ∼70% higher than that achieved
in conventional 7/3 experiments using TF05 anvils (∼27 GPa) 

12,31

and about 80% higher than those obtained using more conservative
WC anvils (∼25 GPa). 

5 The optimized assembly design employed in
the experiments in this study maintains higher pressure generation
efficiency than previous studies using TJS01 WC anvils, produc-
ing pressures ∼14% higher at the maximum load investigated in

Rev. Sci. Instrum. 97, 043903 (2026); doi: 10.1063/5.0323039 97, 043903-4
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FIG. 3. Pressure generation efficiency dominated by gasket volume using TF05 flat anvils. (a) Results of pressure generation employing different gasket configurations 

(conventional, W = 2.5, 2.67, and 3.0 mm). (b) Comparison of the sample pressures at 7.8 MN as a function of octahedron-to-gasket volume ratio (V octa 

/V gskt 

).

FIG. 4. Pressure generation curves of the optimized assembly using 3 mm TEL 

TJS01 anvils, compared with results from previous studies.

that study (8 MN, 36 GPa) 

15 and achieving a maximum pressure 

that is ∼27% higher overall. Regarding decompression, experiments 

using conventional TF05 WC anvils showed no blowouts, allowing 

multiple reuses. In contrast, for all experiments employing TJS01

FIG. 5. Correlation between truncation-confined volume and pressure capability 

of multi-anvil techniques, employing WC anvils. Data for conventional assemblies 

are from Frost et al., 

34 Leinenweber et al., 

35 Irifune et al., 

36 and Ishii et al. 

12 Data 

for optimized assemblies include results from Ishii et al., 

24 Yamazaki et al., 

13 and 

Kunimoto et al. 

15

anvils, the anvils inevitably failed upon decompression. This failure 

is inherently due to the brittle nature of the nearly binder-free WC 

material, rather than a mechanical blowout during the compression
cycle. 

Figure 5 summarizes the correlation between sample volume 

and generated high pressures in the previous 6–8 multi-anvil stud-
ies, highlighting the inherent trade-off between achievable pressure

Rev. Sci. Instrum. 97, 043903 (2026); doi: 10.1063/5.0323039 97, 043903-5
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and sample volume. In the present study, we substantially extend 

the large-volume capability of multi-anvil techniques by achieving 

pressures of up to 45.8 GPa with TJS01 anvils and 35.9 GPa with
TF05 anvils on truncation-confined volumes exceeding 10 mm 

3 ,
which is approximately an order of magnitude larger than the vol-
umes accessible in previous studies that relied on 1.5 mm TEL 

anvils to reach comparable pressures. This advancement opens new 

possibilities for studying samples with large volumes under higher 

pressures; for example, this enables the synthesis and ex situ char-
acterization of bulk novel materials above 40 GPa. 

33 Furthermore, 

our optimized 3 mm TEL assembly exhibits significant potential for 

high-temperature applications (e.g., 2000–3000 K) since it has been 

well-established by previous studies at relatively lower pressures 

(e.g., Liu et al. 

31 ). Maintaining higher pressure at high temper-
atures relies on the delicate balance between thermal expansion 

and the softening-induced flow of the pressure medium. The sub-
stantially larger truncation-confined volume of our assembly can 

accommodate thicker thermal insulators (e.g., ZrO 2 
or LaCrO 3 

) 

compared to smaller assemblies. This enhanced thermal insulation is 

expected to resist heat-induced flow more effectively, thereby mini-
mizing the pressure drops often observed at extreme temperatures 

and preserving ultrahigh pressures for the synthesis of refractory 

materials.
In addition to substantially extending the achievable pressure 

range while maintaining a large sample volume, the optimized 7/3 

assemblies exhibit good compatibility with in situ measurements by 

preserving wide anvil gaps at high pressures. As shown in the x-ray 

images in Figs. 6(a) and 6(b), the run BT877 with a 1 

○ -tapered TJS01 

assembly maintained a substantially larger anvil gap of 0.39 mm

FIG. 6. Anvil gaps observed using tapered and flat anvils. (a) X-ray image of an 

experiment using 3 mm TEL TJS01 anvils with 1 

○ tapering under 7 MN. (b) X-ray 

image using TF05 flat anvils under the same load. (c) Evolution of the anvil gap as 

a function of pressure.

while generating a pressure of 39.3 GPa at 7 MN. In contrast, the 

flat TF05 assembly compressed to a much narrower gap of 0.24 mm 

at the same load, generating a lower pressure of 30.5 GPa. Figure 6(c) 

systematically tracks the anvil gap evolution. The tapered geometry 

consistently preserves a wider opening throughout the compression 

cycle. This design is experimentally vital for in situ synchrotron-
based experiments for the following reasons: a larger gap can (a) 

maximize the accessible angle for x-ray diffraction, which enables 

the acquisition of high-quality data with a shorter exposure time, 

and (b) facilitate x-ray imaging to obtain a more complete image of 

the sample, which is essential for determining wave travel distance in 

acoustic velocity measurements using ultrasonic interferometry. At 

pressures greater than 30 GPa, the experiments with flat anvils typ-
ically have a narrow anvil gap, which often precludes the utilization 

of these techniques.
The superior performance of the tapered anvils likely stems 

from their ability to compensate for anvil deformation under high 

applied loads. As illustrated in Fig. 7, under extreme loads, the WC 

anvils undergo significant elastic and plastic deformation, and the 

recovered anvils have a depression depth of ∼50–70 μm near the 

anvil truncation. This deformation forms a “trumpet-like” opening, 

allowing the pyrophyllite gasket to extrude excessively. Furthermore, 

anvil deformation causes the adjacent anvil surfaces to become non-
parallel, which substantially restricts x-ray access to the sample 

owing to the high x-ray opacity of WC. The 1 

○ tapering [Fig. 7(b)] 

effectively pre-compensates for this elastic depression. By geometri-
cally offsetting the anvil surface, the taper ensures that the truncation 

faces remain nearly parallel at high load.
By maintaining large sample volumes and wide anvil gaps 

at pressures exceeding 45 GPa, the technical developments pre-
sented in this study enable several physical property measurement 

techniques in multi-anvil presses to be extended to unprecedented 

pressure conditions. For example, ultrasonic interferometry in 

multi-anvil presses has long been limited to pressures below
∼27 GPa 

37 because large sample volumes are required to provide 

sufficiently long acoustic travel paths to resolve wave reflections at 

individual interfaces and to ensure precise distance measurements. 

Consequently, assemblies employing TELs smaller than 3 mm are 

impractical for such measurements. By applying the protocol devel-
oped in this study, acoustic velocity measurements using ultrasonic 

interferometry in a multi-anvil press can potentially be extended 

to pressures exceeding 45 GPa, corresponding to conditions of the 

mid-lower mantle. Such measurements will enable direct determi-
nation of the acoustic velocities of mantle minerals under relevant 

pressure–temperature conditions, facilitating meaningful compar-
isons with seismic observations and providing important constraints 

on the composition of Earth’s deep interior. For electrical impedance 

and thermal conductivity measurements at high pressure, complex 

electrical circuits must be embedded within the multi-anvil assem-
blies, together with heating circuits for high-temperature generation. 

Consequently, large truncation-confined volumes are required to 

ensure the reliable operation of these circuits, which typically lim-
its such measurements to assemblies employing TELs of 3 mm or 

larger (e.g., Ref. 38). For similar reasons as those underlying ultra-
sonic interferometry measurements, the technical developments 

presented in this study represent a prerequisite for extending elec-
trical impedance and thermal conductivity measurements to higher 

pressure conditions. In addition, the larger anvil gaps achieved when
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FIG. 7. Schematic cross sections of 

multi-anvil assemblies using (a) flat 

anvils and (b) tapered anvils. The insert 

in (a) illustrates the degree of deforma-
tion of the WC anvil with distance from 

the octahedral pressure medium.

employing tapered anvils facilitate the routing of electrical leads 

from the assembly through the anvil gaps to the exterior of the press, 

without short-circuiting against the WC anvils.
Moreover, this high efficiency in pressure generation enables 

the attainment of high sample pressure under reduced press load, 

thereby significantly mitigating the risk of mechanical failure due 

to overload, extending the fatigue life of the anvils. This ensures 

that routine operations at pressures above 30 GPa remain safe and 

sustainable for standard laboratory equipment. Unlike approaches 

that rely on expensive sintered diamond anvils, our strategy allows 

researchers to tailor the configuration according to specific scien-
tific goals, balancing the anvil grade (e.g., TF05 vs TJS01) and gasket 

geometry. It should be noted that the present study focuses on 

room-temperature pressure generation; high-temperature perfor-
mance will be addressed in future work. Furthermore, the optimiza-
tion strategy developed here is also expected to be compatible with 

sintered diamond anvils, opening a pathway toward even higher 

pressures on millimeter-scale samples. From an economic perspec-
tive, our optimized gasket design allows for higher pressures at lower 

loads, thereby extending the fatigue life of conventional WC anvils. 

Since all eight corners of a flat anvil can be reused, this config-
uration is highly cost-effective for routine operations. Conversely, 

while TJS01 anvils are essential for reaching ultimate ultrahigh pres-
sures, they currently cost significantly more and inevitably fail upon 

decompression due to their brittle nature. Therefore, the flexibility 

of our assembly design allows researchers in broader range of labo-
ratories to balance the choice of anvil grade and experimental cost 

according to their specific scientific targets.
Looking forward, pushing the limits beyond 45 GPa over 

10 mm 

3 could be realized through several synergistic strategies: (1) 

further reducing gasket volume combined with advanced first-stage 

anvil alignment to maintain perfect cubic compression geometry; 

(2) exploring alternative gasket materials with superior mechani-
cal properties; (3) systematically optimizing the anvil taper angle to 

better compensate for elastic deformation; and (4) utilizing larger 

WC anvils (e.g., 54 mm edge-length cubes) in higher-capacity

presses to safely apply higher ultimate loads before reaching the 

anvils’ mechanical limits.

IV. CONCLUSION
We have developed and evaluated an optimized 7/3 multi-

anvil assembly utilizing WC anvils that achieves pressures of up 

to 45.8 GPa while maintaining a truncation-confined volume over 

10 mm 

3 . By systematically optimizing the gasket geometry and 

anvil taper, we demonstrated that minimizing load dispersion and 

compensating for elastic deformation are critical for maximizing 

pressure-generation efficiency. This high-efficiency strategy enables 

the generation of extreme pressure conditions under moderate 

hydraulic press loads, thereby significantly extending the fatigue life 

of the anvils. As a result, routine laboratory operations for pres-
sures higher than 30 GPa can become more economical, sustainable, 

and practical than approaches that push presses to their operational 

limits or employ expensive SD anvils.
The assembly is, therefore, well suited for the synthesis of 

bulk novel materials with millimeter-scale dimensions at pressures 

exceeding 45 GPa. Importantly, the optimized assembly preserves a 

wide anvil gap of ∼0.3 mm even at peak pressures, ensuring compati-
bility with in situ diagnostic techniques, including x-ray imaging and 

diffraction at synchrotron-based multi-anvil beamlines. Moreover, 

the technical developments presented in this study satisfy a prereq-
uisite for extending physical property measurements that require 

large sample volumes—such as ultrasonic, electrical impedance, and 

thermal conductivity measurements—to unprecedented pressure 

conditions in multi-anvil presses.
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