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ABSTRACT 

For both ethical and practical reasons accurate tissue simulant materials are essential for 

ballistic testing applications.  A wide variety of different materials have been previously 

adopted for such roles, ranging from gelatin to ballistics soap.  However, while often well 

characterised quasi-statically, there is typically a paucity of information on the high strain-

rate response of such materials in the literature.  Here, building on previous studies by the 

authors on other tissue anlogues, equation-of-state data for the elastomeric epithelial / 

muscular simulant material Perma-Gel® is presented, along with results from a series of 

ballistic tests designed to illustrate its impact-related behaviour.  Comparison of both 

hydrodynamic and ballistic behaviour to that of comparable epithelial tissues / analogues 

(Sylgard® and porcine muscle tissue) has provided an insight into the applicability of both 

Perma-Gel® and, more generally, monolithic simulants for ballistic testing purposes.  Of 

particular note was an apparent link between the high strain-rate compressibility (evidenced 

in the Hugoniot relationship in the Us-up plane) and subsequent ballistic response of these 
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materials.  Overall, work conducted in this study highlighted the importance of fully 

characterising tissue analogues – with particular emphasis on the requirement to understand 

the behaviour of such analogues under impact as part of a system as well as individually. 

 

1.  Introduction 

Living systems are extremely complex in construction – e.g. the multi-layered nature of 

mammalian tissue comprising bone, muscle tissue, etc.  Consequently, prediction of the 

effects of ballistic insults on living targets is extremely challenging.  Factors ranging from the 

nature of the attack, any protection present to the aforementioned complexity of the target can 

all contribute to the resultant effects.  Ballistic trials offer one route to understand such 

phenomena.  These are, however, both time and resource intensive leading to high capital 

costs, not least as different trials would be required for differing projectile / armour / tissue 

configurations.  Instead, numerical simulation via the use of explicit dynamic hydrocodes 

provides a more economic route to interrogate such behaviour.  However, the validity of such 

an approach necessitates understanding of material hydrodynamic and constitutive equations-

of-state for all elements involved.  While a substantial body of research exists on the high-

rate properties of munition [1] and armour-relevant [2, 3] materials, there is less information 

available on the dynamic response and associated damage mechanisms in both tissues and 

potential analogues. 

 

Such equation-of-state data requires experimental derivation.  In addition, for ballistic testing 

purposes, a combination of availability and ethical considerations mean that such experiments 

will likely involve analogues instead of real-world mammalian tissue samples.  Common 
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examples of such simulants include (the monolithic materials) ballistics gelatin [4-6] and 

soap [7-9].  However, as touched on above, real-world tissue structures typically comprise 

multiple (often anisotropic) layers.  These range from the epidermis and dermis (skin) 

through subcutaneous fat (adipose tissue) and muscle layers down to the underlying 

bone/structural elements [10-13].  Consequently, the use of bulk and (typically) homogenous 

tissue simulants such as gelatin or soap is necessarily an approximation.  The importance of 

understanding multiple simulant materials is further emphasised by the fact that tissues are 

known to exhibit a high degree of strain-rate sensitivity [12], making it unlikely that any 

single simulant material would suffice to simulate dynamic behaviour under impact.  In 

general, there are a number of core areas which a simulant could potentially mimic, namely: 

epithelial (lining), muscular, connective (interfacial) and skeletal (supporting) tissues [14].  

To this end, building on previous work in this area, here the high strain-rate response of an 

emerging bulk [15, 16] and brain [17] tissue analogue – Perma-Gel® – is considered.  There 

is a relative paucity of data on this material available in the literature, with – to the author’s 

knowledge – only limited ballistic and low strain-rate studies and no high strain-rate data. 

 

With regards to ballistic testing, there have been a very-limited number of studies on this 

material to-date [15, 16].  In the first of these studies, Ryckman et al. [15] carried out a series 

of ballistics tests accelerating 0.5-inch-diameter chrome steel spheres at 200 to 900 feet-per-

second (60 to 275 m/s) into Perma-Gel® targets using a compressed gas-gun.  Observation of 

the impact event using a high-speed camera as well as of post-impact recovered targets 

provided a number of insights into Perma-Gel’s® behaviour.  Of particular note was the 

elastomeric response of Perma-Gel®; temporary cavities were observed to form along the 

penetration path and then collapse back about instabilities / perturbations.  Initial penetration 

was also observed to exhibit a relatively constant initial velocity before a subsequent pull-
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back to a final depth of penetration significantly less than the peak depth.  Such behaviour is 

consistent with the elastomeric behaviour observed previously in the polymeric material 

polycarbonate replacement resin [18], where the pull-back from peak penetration depth was 

associated with the release of stored elastic strain-energy ahead of the impacting projectile.  

The apparent nominally hydrodynamic (constant penetration velocity) is also of note – 

suggesting that accurate prediction of penetration will require hydrocodes and associated 

equation-of-state information.  Interestingly, penetration was also found to trend above that 

which might be expected of 10 wt.% ballistics gelatin for impact velocities greater than c.a 

500 m/s.  In similar work, in the only other study of note on the ballistic behaviour of Perma-

Gel® apparent in the literature, Mabbott et al. [16] carried out a series of tests in which the 

ballistic response of Perma-Gel® was compared directly to that of 10 and 20 wt.% gelatin.  In 

this study, 5.5-mm diameter ball bearings were accelerated to impact velocities of between 

150 and 1,050 m/s (representative of handgun through-to high velocity rifle ammunition 

impact velocities).  Rather than use a gas-gun to accelerate the projectile, however, Mabbott 

et al. employed a proof barrel on a small arms range, encasing the ball bearing projectiles in a 

polymeric sabot, itself emplaced within a 6.62 mm 51 mm cartridge case before firing.  

Comparison of resultant projectile depths-of-penetration in Perma-Gel® to that in the gelatin 

targets showed reasonable agreement between the Perma-Gel® and 10 wt.% material, albeit 

with an undershoot compared to the gelatin in the measured penetration at impact velocities 

below c.a. 400 m/s and an overshoot above (in line with the study by Ryckman et al. [15]). 

 

While to-date there have been no high strain-rate studies of the behaviour of Perma-Gel®, 

there have been some limited low strain-rate investigations into its dynamic properties.  For 

example, in a recent paper Kalcioglu et al. [19] used a nano-indenter to investigate the 

indentation response of Perma-Gel® as well as a series of styrenic block co-polymers, 
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comparing resultant material mechanical response to that of real (rat heart and lung) tissues.  

While tests were carried out at relatively low strain-rates (impact velocities of the order of 

10’s of mm/s), it was noted that the use of small indenters allowed strain energy densities 

comparable to ballistic events to be achieved.  Analysis of indentation depths showed that 

Perma-Gel® broadly mimicked real tissue response at low strain energy densities, but 

became less comparable as the loading mass increased.  A marked strain-rate sensitivity was 

apparent in all materials considered – with Perma-Gel® exhibiting a response intermediate to 

the co-polymers tested (likely due to having a similar composition to these materials [17]).  In 

addition, the rate of energy dissipation was considered, with Perma-Gel® again found to 

produce a result dissimilar to the real materials.  Overall, while strain-rates considered were 

not comparable to those likely to be encountered during ballistic events, the discrepancy 

between actual tissue and analogue material dynamic response highlights the importance of a 

deeper understanding of simulant behaviour beyond just ballistic testing.  In similar work, but 

over a larger range of strain-rates (up to 100/s), Pervin and Chen [17] investigated the 

dynamic behaviour of both Perma-Gel®, collagen gel and a series of different Agrose gels 

(with the research concentrated on the latter).  Dynamic Mechanical Analysis (conducted at 

30ºC over 0.1-100 Hz with a 15 µm amplitude and 1% strain) and hydraulically-driven 

compression tests were carried out on the different materials, with results compared to those 

of Bovine white brain matter.  As with Kalcioglu et al. [19] a noticeable strain-rate 

dependency in the mechanical response of Perma-Gel® was found.  In addition, as with the 

study comparing behaviour to heart and lung tissue, here the dynamic response of Perma-

Gel® was again not the best fit to the brain-tissue of the analogues considered.   
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While the studies above consistently showed that Perma-Gel® was not an exact analogue to 

the tissues considered, it is worth noting that the form – if not the exact magnitudes achieved 

– of the measured energy absorption rate [19], stress-strain response [17], etc were typically 

comparable to that of the real tissues.  Consequently, it is arguable that as long as Perma-

Gel® is well characterised it could be employed in a simulant role (e.g. with account taken of 

the different elastic-plastic response under load). 

 

However, the limited studies outlined above have focused largely on the low strain-rate and / 

or ballistic response of Perma-Gel®; there is an even more marked paucity of data when it 

comes to higher rates of strain.  Consequently, here, an investigation into the underlying high 

strain-rate material properties of Perma-Gel®, backed by simplified ballistic tests, has been 

undertaken in order to build on this previous work.  In particular, the aim of these studies is to 

extend the knowledge of the high strain-rate response of Perma-Gel® into regions 

comparable to those likely to be observed about the tip of an impacting bullet. 

 

The plate-impact technique [6, 20, 21] allows a one-dimensional state of strain to be 

established in target materials.  This is achieved by launching a flat and parallel flyer plate at 

a measured velocity into a target whose surfaces perpendicular to the impact axis are also 

machined flat and parallel.  The resultant high-rate loading generates a compressive shock 

within the target due to inertial confinement of material in the target centre.  This leads to a 

one-dimensional loading which is maintained until arrival of rarefactions (release waves) 

from external edges [20].  It should be emphasised that a state of one-dimensional strain (ε) 

but not stress (σ) is established, as detailed in: 
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0==≠ zyx εεε  and 0≠=≠ zyx σσσ       (1) 

 

Where the subscripts ‘x’ and ‘y’/ ‘z’ denote stress or strain as-appropriate along and 

orthogonal to the impact axis respectively (with the ‘y’ and ‘z’ directions are equivalent due 

to axial symmetry). 

 

The propagation of such shocks is typically monitored via sensors such as embedded stress 

gauges [6, 21] or interferometers [22].  These sensors allow measurement of one or more of 

the five shock parameters, namely: the velocity of the propagating shock, US; the 

mass/particle velocity of the continuum elements propagating the shock, uP; the Hugoniot – 

or longitudinal equilibrium – stress, σX; density of the target material, ρ, and; internal target 

material energy, E.  Additional shock parameters can then be calculated via the Rankine-

Hugoniot conservation (jump) equations [20], with the accessible physical states a shocked 

material passes through described by Hugoniot relationships such as σX-up.  Here, the plate-

impact technique has been employed to investigate the shock response of Perma-Gel® to 

allow derivation of a Hugoniot equation-of-state suitable for inclusion in hydrocode 

simulations.  Further, this work – supported by limited ballistic tests – was designed to 

provide additional insight into the dynamic response of Perma-Gel®. 

 

 

 



8 
 

2.  Material Properties 

Perma-Gel® is a commercially available synthetic tissue simulant used for ballistic testing 

purposes.  As a thermoplastic material it has the advantage of being able to be recast after 

testing and, in addition, does not suffer from biological degradation in the same way as more 

traditional simulant materials such as gelatin [15-17].  Compositional information is largely 

proprietary, but safety information from the supplier notes that key components are white 

mineral oil, gellants and a small (<1%) proportion of Butylated Hydroxy Toluene.  Perma-

Gel® is defined more precisely as a styrene-ethylene-butylene co-polymer by Pervin and 

Chen [17] – and was shown by Kalcioglu et al. [19] to have broadly similar low strain-rate 

properties to selected other co-polymers of a similar composition to that suggested in Ref. 

[17]. 

 

Elastic longitudinal and shear wave speeds were measured using a Panametrics 5077PR pulse 

receiver in the pulse-echo configuration, with density measured by accurately weighing a cast 

specimen of known (cylindrical) geometry.  Resultant values along with key calculated 

elastic properties are presented in Table 1.  In addition, for the purpose of comparison, similar 

data from the literature is included for the simulant / tissue materials Sylgard® [23] and 

porcine muscle tissue [24].  In the latter case, data is the mean of (very similar) values 

presented in Ref. [24] for commercially-sourced and middle-white muscle tissue, with errors 

corresponding to the standard deviation in this calculated mean value. 
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Table 1.  Key elastic material properties. 

Material 
Sound speeds (mm/µs) 

ρ0 (g/cc) K (GPa) ν 
cl cs c0 

Perma-Gel® 1.42 ± 0.01 0.38 ± 0.01 1.35 (calc.) 0.87 ± 0.05 1.59 (calc.) 0.46 (calc.) 

Sylgard® 1.10 ± 0.02 0.57 ± 0.02 0.88 (calc.) 1.01 ± 0.01 0.78 (calc.) 0.32 (calc.) 

Muscle tissue 1.99 ± 0.09 0.94 ± 0.06 1.67 ± 0.15 1.09 ± 0.01 3.04 (calc.) 0.36 (calc.) 

 

3.  Experimental Techniques 

New experimental data for the epithelial tissue simulant Perma-Gel® are presented in this 

study.  This data has been gathered via a combination of plate-impact (Hugoniot equation-of-

state) and ballistic testing.  In both cases single-stage compressed gas-guns were used to 

accelerate projectiles into targets in controlled laboratory conditions.  In all cases Perma-

Gel® was cast as-required into target elements following the manufacturers’ instructions. 

 

3.1 Plate-impact tests 

Plate-impact tests [1, 6, 20, 21] were employed to shock load the target material.  Aluminium 

and copper flyer plates were launched at velocities in the range 340-933 m/s into Perma-

Gel® targets using a 50-mm bore single-stage gas-gun.  All projectile, target assembly and 

mounting faces perpendicular to the impact axis were finished to a tolerance of ≤5 µm.  This 

ensured (essentially) simultaneous contact between all elements of the flyer plate’s surface 

and that of the target on impact, allowing inertial confinement within the target to be 

established. 
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The experimental arrangement for plate-impact targets is illustrated schematically in Fig.  1.  

Figure 1(a) shows an exploded form of the target package (comprising cover plate of 

identical material to the impacting flyer and associated encapsulated gauge, cast Perma-Gel® 

and rear gauge plus backing PMMA block), while Fig. 1(b) shows the muzzle end of gun 

with the target arrangement in-place. 

 
 

Fig. 1.  Schematic illustration of plate-impact experimental setup elements: (a) exploded target 

configuration; (b) mounted target arrangement. 

 

Flyer impact velocity was measured via a series of sequential light gates just prior to impact, 

with a pair of shorting trigger pins used to activate the gauge pulsed power supply plus 

recording oscilloscopes.  The gauges (Fig. 1 – encapsulated by insulating 25 µm-thick 

MylarTM) comprised longitudinal embedded manganin stress gauges (Vishay Micro-

Measurements, USA) of type LM-SS-125CH-048.  Gauge interpretation, based on the 

impedance matching technique [20], followed the approach adopted by Roserberg et al. [25]. 
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3.2. Ballistic testing 

In addition to plate-impact testing, a limited series of simplified ballistics tests were 

undertaken in order to interrogate the response of Perma-Gel® to impact.  To this end, a 

series of four sphere impact (e.g. simplified projectile geometry) tests were carried out using 

a 22-mm bore single-stage gas-gun. Acetal saboted 12-mm diameter, 7.15 g, stainless steel 

projectiles were launched into 6-mm thick 190-mm diameter Synbone® (a polyurethane-

based synthetic bone material) hemispherical targets.  These targets, either empty or filled 

with Perma-Gel® or the alternate muscular tissue simulant Sylgard®, were adhered using a 

slow cure two-part epoxy (Loctite 3421 Hysol®) to 8-mm thick polycarbonate backing plates 

which were subsequently clamped vertically in the gun’s target chamber.  It should be noted 

that Sylgard® was primarily employed here as it has been previously extensively 

characterised by a selection of the authors of this paper [23].  While the filling simulant were 

of primary interest, in addition to the requirement to have a medium to cast the filling 

materials in to, it was considered appropriate to try and nominally simulate a ‘skull-like’ 

structure for these tests by employing a Synbone® outer casing.  This approach also had the 

additional advantage of providing baseline data for future further studies of simulant 

materials (e.g. building on Refs. [6, 23]), while also – providing a ready comparison between 

the differing simulant materials considered here.  The experimental arrangement is shown in 

Fig. 2.  Just prior to impact sabots were stripped using a steel stripping arrangement, with the 

projectile subsequently travelling independently for c.a. 200 mm before impacting the target.  

Experiments were observed using a Phantom V12 high speed camera, with this footage also 

employed to determine the impact velocity of the projectile.  In addition, careful analysis of 

recovered footage demonstrated that the target remained relatively stationary during the core 

part of the penetration process. 
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Fig. 2.  Schematic illustration of ballistic testing experimental arrangement. 

 

4.  Results and Discussion 

4.1. Plate-impact tests 

A total of seven plate-impact experiments were conducted.  Key shot parameters and 

resultant data are set out in Table 2. 

Table 2.  Summary of plate-impact experimental results. 

Impact velocity 

(m/s) 

Flyer plate 

(thickness / 

material) 

up (mm/µs) Us (mm/µs) σx (GPa) 

340 10-mm Al 0.29 2.33 0.58 

485 10-mm Al 0.41 2.69 1.13 

619 10-mm Al 0.52 2.88 1.41 

665 10-mm Cu 0.62 3.07 2.031 

781 10-mm Cu 0.72 3.29 2.56 

882 5-mm Cu 0.76 3.38 2.701 

933 5-mm Cu 0.86 3.29 3.051 

1Stress calculated from rear gauge via Eq. (2) 
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A typical pair of front and rear gauge traces are presented in Fig. 3.  Wave / shock velocities 

were calculated based on the interval between shock arrival at the two gauges (Δt in Fig. 3) 

and knowledge of the gauge’s spatial separation.  In this figure, the rear gauge trace has been 

re-calibrated from stress in the backing PMMA to stress in the Perma-Gel® using the relation 

shown in: 

 

𝜎"#$%&'(#) =
+
,
-./01234/56-.778

-.778
𝜎"99:       (2) 

 

Where Zx is the impedance of material ‘x’ (equal to density (ρ0) multiplied by wave velocity 

(Us) measured as shown in Fig. 3), σPerma-Gel is the stress in the Perma-Gel® and σPMMA the 

stress in the PMMA. 

 

Fig. 3.  Typical front and rear stress longitudinal gauge traces (781 m/s 10-mm Cu flyer shot from 

Table 2). 
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There are a number of features which are immediately apparent on observation of these 

traces.  Following shock arrival a rapid (36.8 ns) rise occurs (a) leading to an overshoot in 

stress (b) which rapidly decays back – albeit in a noisy fashion – to a plateau (the Hugoniot 

stress) at (c).  Such overshoots in stress have been attributed elsewhere to both the fast-rising 

nature of the shock itself [26] or, more physically, to capacitance-based electrical effects – 

likely induced as a metallic flyer approaches an insulated gauge [1].  However, the 

subsequent ringing may also be partially attributable to either a charging effect within the 

Perma-Gel® itself, or alternatively reflections from pores/air-pockets which may have 

resulted during material/target casting.  Following the relatively constant Hugoniot plateau, a 

re-loading occurs at (d) due to shock reflection from the backing PMMA; subsequently stress 

decays as releases from the target outer edges catch up with the shock – with gauge death 

apparent by point (e).   Similar features are apparent on the rear trace.  In addition, 

interestingly, at the point at which the front gauge appears to die a significant burst of noise is 

apparent on the rear gauge – indicative of electrical cross-talk. 

 

The resultant Hugoniot equation-of-state based on the data presented in Table 2 is shown in 

Fig. 4.  Error bars have been introduced based on assessment of the maximum and minimum 

potential shock arrival times on recorded traces following an approach previously adopted 

elsewhere [1].  Essentially, the earliest possible shock front arrival at the front gauge 

combined with the latest possible arrival at the rear gauge leads to the lowest potential shock 

velocity and vice-versa.  From this range of shock velocities, a corresponding range of 

particle-velocities were calculated via the impedance matching technique based on 

knowledge of the flyer material properties and impact speed [20].  In addition, for 
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comparison, equation-of-state data for both Sylgard® [23] and porcine muscle tissue [24] are 

also included in this figure (although, in the case of the porcine muscle data, following on 

from a discussion detailed below / in Table 3, a non-linear fit to experimental data from Ref. 

[24] is included here). 

 

Fig. 4.  Us-up equation-of-state for Perma-Gel® plus literature data for Sylgard® [23] and porcine 

muscle. 

 

A clear non-linear response is apparent in the Us-up plane for Perma-Gel®.  Such behaviour 

has been observed elsewhere for polymeric materials such as epoxy resins [27] and PMMA 

[28, 29] – as well as in Sylgard® [23] as shown Fig. 4.  This type of non-linear response has 

been attributed to the complex structure of polymeric materials [29].  Essentially, 

compression is believed to occur preferentially along the weaker bonds lying perpendicular to 

the polymer chains, with the stiffer inter-chain bonds compressing more slowly.  

Consequently, such compression will be a multi-stage process, leading to the observed 

curvature in the Us-up plane. 
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While a non-linear fit appears appropriate for Perma-Gel® and Slygard® in Fig. 4, the 

Hugoniot equation-of-state for muscle tissue is much closer to a linear form, to the extent that 

it is noted as having a linear nature of the form Us = c0 + Sup in Ref. [24].  Here, however, as 

detailed in Table 3, on re-examination of the data a non-linear fit was found to be preferable – 

however, the difference is nominal.  For linear Us-up equations-of-state, the intercept with the 

ordinate typically corresponds to the materials bulk sound speed, while the slope (S) has been 

linked to the compressibility of a given material; e.g. as the first pressure derivative of the 

bulk modulus, the higher the magnitude of ‘S’, the higher the materials compressibility [30-

32].  To this end, both linear and non-linear best-fits (derived via the least-squares fitting 

function in Microsoft ExcelTM) along with associated residual ‘R2’ values are presented for 

the three materials considered here in Table 3.  There are two features which are immediately 

of note from this data.  Firstly, while as detailed above a non-linear fit to experimental data 

from Ref. [24] has been employed here, the linear fit in fact has a comparable R2 value of 

0.9653 instead of 0.9666 for the non-linear case.  However, this is a relatively small 

difference suggesting – within experimental error – that a linear fit would suffice.  The 

second feature which emerges from Table 3 is the variation in compressibility between the 

three simulant materials considered here.  Perma-Gel® appears to have a broadly comparable 

compressibility to muscle tissue, suggesting it may be a reasonable analogue for such tissue 

(S equal to 1.81 and 1.89 respectively; for comparison, S for gelatin has been shown 

elsewhere to be c.a. 1.77 [23]).  However, Sylgard®, which has found application – like 

Perma-Gel® – as an epithelial or muscular (brain) simulant material has a markedly greater 

apparent compressibility under high strain-rate loading (S equal to 2.45).  This result suggests 

that Sylgard® possesses a heavily cross-linked nature.  Complex (heavily cross-linked, or 

large side-grouped) polymeric structures have been shown elsewhere to ‘harden’ behind a 

shock as steric effects become dominant [32-34]; such a response would be lacking in the 
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simpler / more homogenous Perma-Gel® and muscle tissue which might arguably be 

expected to show a consistency closer to that of an incompressible fluid.  

 

Table 3.  Best-fit equations-of-state for Perma-Gel®, Sylgard® [23] and Muscle tissue [24] (data 

based on Fig. 4). 

Material Equations-of-state R2 

Perma-Gel® US = 1.91 + 1.81uP 

US = 1.20 + 4.60UP – 2.42UP
2 

0.9329 

0.9784 

Sylgard® US = 1.03 + 2.45uP 

US = 0.96 + 3.03UP – 0.68UP
2 

0.9855 

0.9898 

Muscle tissue US = 1.69 + 1.89uP 

US = 1.61 + 2.29UP – 0.38UP
2 

0.9653 

0.9666 

 

In addition to the above discussion of the compressibility of the analogue materials 

considered here, it is also immediately apparent from Fig. 4 that Perma-Gel® is behaving 

differently under shock compression to the other two tissue simulant / materials considered – 

namely Sylgard® and porcine muscle tissue.  However, at elevated particle-velocities there 

appears to be some evidence that the Perma-Gel® data is trending towards the muscle tissue 

response.  Such potential convergence is also apparent in the σx-up plane as shown in Fig. 5 

(based on the data presented in Table 2).  Here, as with the Us-up data in Fig. 4, Hugoniot 

equations-of-state for both Sylgard® and porcine muscle tissue are again included for 

comparison.  These have been calculated via Eq. (3) [37] based on the Us-up curves presented 

in Fig. 4 and Table 3. 
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𝜎; = 𝜌=𝑈?𝑢A           (3) 

 

Fig. 5.  σx-up equation-of-state for Perm-Gel® plus literature data for Sylgard® [23] and porcine 

muscle tissue [24]. 

As with the Us-up data presented in Fig.4, in Fig. 5 the Perma-Gel® experimental data is 

again observed to be trending towards the corresponding muscle equation-of-state.  In 

addition, it is interesting to note that the experimental data points for Perma-Gel® are 

observed to nominally trend above the corresponding hydrodynamic response (the Hugoniot) 

– which was calculated via Eq. (3) based on the (non-linear) Us-up curve presented in Fig. 4 / 

Table 3.  While elsewhere such behaviour has been tentatively linked to steric-based 

strengthening effects behind the shock [33, 35, 36], here further observation suggests that the 

deviation is in fact relatively insignificant.  In Fig. 6(a) and (b), data is presented in both the 

σx-up and σx-v planes respectively.  In these cases a best-fit to the experimental data from 

Ref. [24] for porcine muscle tissue (where such experimental deviation from the 

hydrodynamic response had been judged minimal) is included alongside the experimental 

data presented here for Perma-Gel® as well as the corresponding Hugoniot curves for both 

the linear and non-linear cases calculated using Eq. (3) and presented in Table 3.  Further, an 
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additional fit representing the resultant behaviour when the Us-up curve in Fig. 4 is taken 

through the bulk sound speed from Table 1 (taking the form Us = 1.35 + 2.66up, R2 = 0.71) is 

also included for comparison.  For the data presented in the σx-v plane in Fig. 6(b), volumes 

(v) were calculated from the data presented in Table 2 according to Eq. (4), where v1 is the 

final volume / state obtained under shock and v0 is the initial volume [20].  

 

 

Fig. 6. Hugoniot equations-of-state plus experimentally measured stresses for Perma-Gel® and 

porcine muscle tissue [24] (a) σx-up and (b) σx-v. 
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BC
BD
= EF'GH

EF
           (4) 

 

From Fig. 6(a) it is apparent that to a reasonable first order, muscle tissue essentially exhibits 

a broadly hydrodynamic or fluid-like response with all experimental data broadly sitting on 

the Hugoniot curve (although, some deviation from the hydrodynamic response was found at 

certain stresses [24]).  Overall, the deviation between the Perma-Gel® – as highlighted 

previously in Fig. 5 – is relatively comparable in extent to that of the porcine muscle tissue 

experimental data from its corresponding Hugoniot.  Further, it is apparent that the highest 

particle velocity / pressure data point for the Perma-Gel® material in fact sits relatively close 

to the linear Hugoniot curve.  This effect is even more marked when the data is considered in 

the σx-v plane as shown in Fig. 6(b), where the highest particle velocity Perma-Gel® data 

point falls exactly on the corresponding linear Perma-Gel® Hugoniot, particularly for the fit 

corresponding to that through the bulk sound speed in Fig. 4.  On this front, it is interesting to 

note the variation at higher up values in both Fig. 6(a) and (b) in terms of the influence of the 

Us-up fit from Fig. 4 employed to calculate the σx-up and σx-v curve via Eq. (3) respectively. 

Consequently, Fig. 6 therefore suggests that the discrepancy between the calculated Hugoniot 

and experimentally measured longitudinal stress values for Perma-Gel® is likely primarily a 

function of the influence of the non-linearity of the Us-up Hugoniot on the subsequently 

calculated the σx-up Hugoniot curve.  Further, it is worth noting the fact that the Perma-Gel® 

targets were cast individually may also have led to some small inconsistencies in material 

properties – potentially leading to further errors (not indicated by the included error bars 

which are derived from the recorded stress traces only).  In addition, it is interesting to note 

that over the range of strain-rates / particle-velocities considered here, the high strain-rate 

response of Perma-Gel and muscle tissue both appear to be heading towards convergence.  



21 
 

However, the underlying deviation from the hydrodynamic curve for both sets of data 

suggests that caution would need to be employed in the un-restricted application of Perma-

Gel® in its role as a muscle tissue analogue at higher strain-rates. 

 

4.2.  Ballistic testing 

A series of four simplified ballistics tests were carried out in order to elucidate the dynamic 

material properties investigated in the aforementioned plate-impact experiments, as well as to 

expand on the limited previous ballistic investigations of Perma-Gel® conducted to-date [15, 

16].  Due to the apparent convergence in behaviour between muscle tissue and Perma-Gel® 

in the σx-up plane (Fig. 5), in contrast to the lack of such a correlation between muscle tissue 

and the more commonly employed simulant material Sylgard®, it was decided to investigate 

the ballistic response of both Sylgard® and Peram-Gel® in order to provide additional 

comparative data.   

The experimental configurations which were based on the general setup illustrated previously 

in Fig. 2 are outlined in Table 4.  In addition, post-impact photographs of (reassembled if 

required) targets are also included for each of the four tests in order to provide a ready 

comparison of the effects of differing target constructs. 

 

 

 

 



22 
 

Table 4.  Ballistic test configurations plus photographs of (reconstructed post-impact) Synbone® 

(porous polyurethane bone simulant) targets. 

Impact 

velocity (m/s) 

Target filling 

material 
Post-impact images of (reconstructed) target Ø190 mm hemispheres 

138 Perma-Gel® 

 

400 Perma-Gel® 

 

400 Empty 

 

400 Sylgard® 
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A number of observations can immediately be made based on the four target configurations 

considered in Table 4.  Firstly, the effects of strain-rate on the behaviour of a Perma-Gel® 

filled target become immediately apparent if the 138 and 400 m/s filled shots (corresponding 

to 68 and 572 J of impact energy respectively) are compared.  At 138 m/s the projectile 

appears to have passed relatively cleanly through the target; however at 400 m/s significant 

Synbone® target disruption comprising a combination of radial and concentric cracks which 

led to target fragmentation out to approximately 2/3 of the target radius can be observed.  

From analysis of high-speed video footage for these 138 and 400 m/s Perma-Gel® shots, 

presented in Fig. 7, the difference in target behaviour for these two shots appeared to be 

linked to the elastomeric response of the underlying Perma-Gel®.  At 138 m/s the strength of 

the Synbone® appeared to be sufficient to prevent any notable flexure due to oscillation of 

the backing Perma-Gel® fill, with only minor ejecta apparent – e.g. at 185 µs in Fig.7(a).  

Whereas at an impact velocity of 400 m/s oscillation of the Perm-Gel® post-impact was 

significantly more marked, leading to fracture of the Synbone® target surface.  In this latter 

case, as shown in Fig. 7(b), radial cracks form initially (apparent from 92 µs), before 

concentric cracking occurs due to flexure / oscillation of the underlying Perma-Gel® (231 

µs).  This influence of the underlying backing material in causing eventual Synbone® failure 

is apparent by 2,666 µs, where a temporary cavity can be clearly observed which has led to 

delamination of the previously formed local Synbone® fragments. 
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(a) 

 

(b) 

Fig. 7.  Selected high-speed video frames illustrating 12-mm diameter stainless steel projectiles 

impacting a Perma-Gel® filled Synbone® hemisphere at differing impact velocities. 

 

In addition to the effects of strain-rate, comparing the recovered target material for the 400 

m/s Perma-Gel®, Synbone® and empty target cases in Table 4 the influence of the backing 

material properties on subsequent Synbone® failure can be clearly seen.  For the empty 

target, penetration is interestingly less clean that for the supported 138 m/s event.  However, 

the penetration hole is still only of the order of two projectile diameters in size and has not 
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led to extended Synbone® damage.  However, the presence of either Perma-Gel® or 

Sylgard® (analogous to a ‘brain’ sitting within the Synbone® ‘skull’) leads to much more 

widespread post-impact Synbone® failure, with extensive radial and concentric cracking and 

subsequent target material (Synbone®) delamination.  This effect is highlighted further in the 

high-speed video captured for the empty and Sylgard®-filled targets – presented in Figs. 8(a) 

and (b) respectively.  In particular, while at extended times of several thousand microseconds 

in the empty target case in Fig. 8(a) no damage beyond that caused during the initial impact 

had occurred, for the supported target in Fig. 8(b) by 1,285 µs radial cracking in the impacted 

Synbone® case is apparent.  Further, it is interesting to note that such cracking occurs much 

sooner in the Perma-Gel® filled case under otherwise identical impact conditions; e.g. with 

radial cracks apparent by just 138 µs in Fig. 7(b), c.a. ten times sooner after initial impact 

than in the Sylgard®-filled case shown in Fig. 8(b).  This difference in material response is 

likely linked to the previously noted difference in dynamic properties of Perma-Gel® and 

Sylgard®; e.g. as identified from the Us-up Hugoniot data presented previously in Fig. 4, 

Sylgard® appears to be more compressible under high rates of loading than Perma-Gel®.  It 

is postulated that this ability of Sylgard® to deform to a greater extent  likely provides a route 

to dissipate incident energy, leading to observed the later onset of cracking of the Sylgard® 

(as opposed to Perma-Gel®) filled target.  However, in both cases it is worth noting that final 

target disruption was overall comparable (e.g. Table 4) – suggesting that the Synbone® / 

Sylgard® or Perma-Gel® targets were overmatched by the impacting projectile in both 400 

m/s cases. 
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(a) 

 

(b) 

Fig. 8.  Selected high-speed video frames illustrating 12-mm diameter stainless steel projectiles 

impacting Synbone® hemispheres with differing fillings at 400 m/s. 

 

Finally, it is worth noting that in addition to the insight provided into the filling materials 

themselves, this behaviour, with the response of Synbone® varying according to the backing 

medium employed, clearly illustrating the importance of employing multiple layers of 

appropriate analogue materials if accurate ballistic behaviour is to be simulated. 
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5.  Conclusions 

In this paper the high strain-rate and ballistic responses of the important epithelial / muscular 

tissue simulant Perma-Gel® have been characterised. 

A series of seven plate-impact experiments allowed derivation of the Hugoniot equation-of-

state for this material, with this information subsequently compared with literature data for 

both a comparable (brain) simulant Sylgard® and porcine muscle tissue.  In the Us-up plane, 

the Hugoniot curve for Perma-Gel® exhibited marked curvature – something observed for 

other such polymeric materials and which was attributed to the multi-stage collapse of the 

inter-chain and inter-molecular bonds.  Interestingly, Perma-Gel® was shown to exhibit a 

broadly similar compressibility to porcine muscle tissue under shock loading – with 

Sylgard® found to be significantly more pliant (compressible).  In the σx-up plane, a small 

degree of divergence of experimental data from the Hydrodynamic curve was apparent at 

elevated particle velocities.  However, this apparent response was relatively slight, with the 

experimental data re-converging with the Hugoniot at elevated stresses (particularly when the 

data was observed in the σx-v plane), suggesting that Perma-Gel® was essentially behaving 

hydrodynamically.  The σx-up Perma-Gel® data was also found to trend towards that of 

porcine muscle tissue at particle velocities of around 1 mm/µs, suggesting that Perma-Gel® 

was behaving differently to porcine material at lower impact velocities / stresses. 

In addition to the plate-impact experiments, a series of four ballistic tests involving the 

impact of spherical projectiles on hemispherical Synbone® structures were carried out with 

the dual aims of (1) qualitatively confirming limited previous observations of the ballistic 

response of Perma-Gel® from the literature, and (2) identifying differences in ballistic 

response between Perma-Gel® and Sylgard®.  Target configurations – comprising filled and 
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un-filled bone-simulant hemispheres were designed to nominally simulate a ‘head’ structure 

in line with one of the potential applications for such simulant materials (namely that of 

‘brain’ tissue).  These tests produced several key results.  Firstly, in line with previous tests 

from the literature, Perma-Gel® was observed to behave elastomerically under impact.  

Secondly, analysis of both captured high-speed video footage and recovered Synbone® 

fragments clearly indicated that empty, Sylgard® filled and Perma-Gel® filled Synbone® 

targets all behaved differently under otherwise comparable impact conditions.  Of particular 

note is the fact that inclusion of any filling medium – and the resultant constraint / effects on 

the encasing Synbone® during the penetration event – led to extensive radial and concentric 

cracking and subsequent target material delamination which was not apparent in the empty 

target case.  Usefully, these ballistic tests also appeared to provide some evidence of a link 

between the hydrodynamic and ballistic response for both of the two key materials 

considered here – namely Perma-Gel® and Sylgard® – with this behaviour tentatively 

attributed to the materials differing high-rate compressibilities (evidenced by the measured 

Us-up Hugoniot data).  

Overall, this study – via comparison of both the differing hydrodynamic response of Perma-

Gel® to other tissue simulants and a limited series of ballistics tests – has demonstrated the 

importance of fully characterising the high strain-rate response of both tissue and analogue 

materials.  In particular, it is apparent from comparison of the σx-up and σx-v equations-of-

state for Perma-Gel® and muscle tissue that behaviour under high rates-of-strain can vary 

substantially with impact velocity / stress.  E.g. here, a marked difference in Perma-Gel® and 

porcine muscle tissue response was apparent at low particle velocities, with a potential 

convergence under higher impact stresses, highlighting the fact that tissues and simulants 

may have differing responses to stimuli under different loading regimes.  To this end, the 

equation-of-state data plus qualitative information on the ballistic response of Perma-Gel® 
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presented within this study should provide a useful basis for both practical and numerical 

(simulation) validation of its applicability as a potential tissue analogue. 
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