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Abstract.  

Pentamode lattices are particular metamaterials belonging to the class of extremal materials, 
which feature a primitive unit cell equipped with four rods meeting at a point. The potential of 
confined pentamode lattices in different engineering fields, such as, e.g., structural 
engineering, has not been largely explored yet. In this area, what is particularly interesting is 
the confinement of pentamode structural “crystals” between stiffening plates for the design of 
novel impact or seismic protection devices. Such a research line has recently appeared in the 
literature, with the aim of developing performance-based, vibration-isolation devices. The 
present study makes use of discrete-to-continuum approaches to the elastic moduli of 
pentamode lattices, and investigates the feasibility of pentamode structures as innovative 
anti-seismic devices. Experimental results and analytic formulae are employed to understand 
the mechanics of pentamode structures equipped with rigid and hinged connections, and the 
role played by design variables characterizing the aspect ratio of the structure and the 
response of the junctions. The final part of the work deals with the design of pentamode 
bearings that feature stiffness and strength properties similar to those of a commercial rubber 
bearing available on the market for the seismic isolation of buildings and bridges. 
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1. INTRODUCTION
3HnWaPRdH OaWWLFHV aUH PHFKanLFaO PHWaPaWHULaOV WKaW H[KLELW WKH PLnLPaO FRRUdLnaWLRn 

nXPEHU UHTXLUHd WR aFKLHYH a IXOO\ SRVLWLYH dHILnLWH HOaVWLFLW\ WHnVRU Ln WKUHH dLPHnVLRnV >�@�
>��@� 7KH SHFXOLaU PHFKanLFaO EHKaYLRU RI SHnWaPRdH OaWWLFHV PRWLYaWHV UHVHaUFKHUV WR 
LnYHVWLJaWH WKHLU XVH Ln WUanVIRUPaWLRn aFRXVWLFV and HOaVWR�PHFKanLFaO FORaN >�@� 7KHLU 
SRWHnWLaO Ln dLIIHUHnW HnJLnHHULnJ ILHOdV, VXFK aV, H�J�, VWUXFWXUaO HnJLnHHULnJ, KaV nRW EHHn 
OaUJHO\ H[SORUHd \HW� ,n WKLV aUHa, ZKaW LV SaUWLFXOaUO\ LnWHUHVWLnJ LV WKH XVH RI  SHnWaPRdH 
VWUXFWXUaO ³FU\VWaOV´ IRU WKH dHVLJn RI nRYHO LPSaFW RU VHLVPLF SURWHFWLRn dHYLFHV� 6XFK a 
UHVHaUFK OLnH KaV UHFHnWO\ aSSHaUHd Ln WKH OLWHUaWXUH, ZLWK WKH aLP RI dHYHORSLnJ SHUIRUPanFH�
EaVHd, YLEUaWLRn�LVROaWLRn dHYLFHV >�@�>��@� 7KH UHVXOWV REWaLnHd VR IaU Ln WKLV ILHOd KaYH VKRZn 
VHYHUaO anaORJLHV EHWZHHn WKH PHFKanLFV RI FRnILnHd SHnWaPRdH OaWWLFHV >�@�>��@ and WKaW RI 
HOaVWRPHULF and WULSOH IULFWLRn SHndXOXP EHaULnJV  >��@� >��@�  

7KH SUHVHnW VWXd\ aLPV aW dHYHORSLnJ dLVFUHWH�WR�FRnWLnXXP aSSURaFKHV WR WKH HOaVWLF 
PRdXOL RI SHnWaPRdH OaWWLFHV, and LnYHVWLJaWLnJ WKH IHaVLELOLW\ RI SHnWaPRdH VWUXFWXUHV aV 
LnnRYaWLYH anWL�VHLVPLF dHYLFHV� 2XU aSSURaFK FRPELnHV H[SHULPHnWaO UHVXOWV and anaO\WLF 
IRUPXOaH WR XndHUVWand WKH PHFKanLFV RI SHnWaPRdH VWUXFWXUHV HTXLSSHd ZLWK ULJLd 
FRnnHFWLRnV, and WKH UROH SOa\Hd E\ dHVLJn YaULaEOHV FKaUaFWHUL]LnJ WKH aVSHFW UaWLR RI WKH 
VWUXFWXUH and WKH UHVSRnVH RI WKH MXnFWLRnV� :H EHJLn ZLWK an H[SHULPHnWaO RI WKH PHFKanLFaO 
WKHRU\ SUHVHnWHd Ln >�@ E\ FRPSaULnJ WKH WKHRUHWLFaO SUHYLVLRnV RI VXFK a WKHRU\ ZLWK 
H[SHULPHnWaO UHVXOWV H[aPLnLnJ WKH PHFKanLFaO UHVSRnVH RI addLWLYHO\ PanXIaFWXUHd, SK\VLFaO 
PRdHOV RI FRnILnHd SHnWaPRdH OaWWLFHV >�@� :H WKHn SaVV WR H[aPLnH WKH UHVSRnVH RI 
FRPSXWaWLRnaO PRdHOV RI SHnWaPRdH EHaULnJV Ln WKH VPaOO VWUaLn UHJLPH, Rn FRPSaULnJ VXFK a 
UHVSRnVH ZLWK WKaW RI a FRPPHUFLaO UXEEHU EHaULnJ� :H Hnd E\ UHYLHZLnJ RI WKH PaLn UHVXOWV 
RI WKH SUHVHnW VWXd\ and dUaZLnJ dLUHFWLRnV RI IXWXUH UHVHaUFK� 

2. COMPARISON %ETWEEN THEORETICAL AND E;PERIMENTAL
MODULI OF CONFINED PENTAMODE LATTICES

:H SUHVHnW an H[SHULPHnWaO YaOLdaWLRn RI WKH WKHRUHWLFaO SUHdLFWLRnV RI WKH SHnWaPRdH 
HOaVWLF PRdXOL JLYHn Ln 5HI� >�@ aJaLnVW H[SHULPHnWaO YaOXHV REWaLnHd WKURXJK TXaVL�VWaWLF 
OaERUaWRU\ WHVWV Rn SK\VLFaO VaPSOHV RI SHnWaPRdH VWUXFWXUHV� 7KH OaWWHU ZHUH addLWLYHO\ 
PanXIaFWXUHd WKURXJK (OHFWURn %HaP 0HOWLnJ �(%0�, aV dHVFULEHd Ln 5HI� >�@� 6XFK VaPSOHV 
aUH PadH RI a 7L��$O��9 WLWanLXP aOOR\ IHaWXULnJ PaVV dHnVLW\ �ρ   ���� J�FP�� \LHOd 
VWUHnJWK 

�y
σ   ��� 03a� <RXnJ¶V PRdXOXV �E   ��� *3a� and 3RLVVRn¶V UaWLR �υ    ������

/HW xn , yn  and zn  UHVSHFWLYHO\ dHnRWH WKH nXPEHU RI XnLW FHOOV SOaFHd aORnJ WKH yx,  and z
a[HV Ln WKH JHnHULF Oa\HU, ZLWK WKH z �a[LV SOaFHd Ln WKH YHUWLFaO dLUHFWLRn� 

7KH H[SHULPHnWaO YaOLdaWLRn SUHVHnWHd Ln WKH FXUUHnW VHFWLRn UHOaWHV H[SHULPHnWaO and 
nXPHULFaO YaOXHV RI YHUWLFaO and KRUL]RnWaO VWLIInHVV SURSHUWLHV RI VLnJOH�Oa\HU SHnWaPRdH 
OaWWLFHV IHaWXULnJ WKLFN and VOHndHU PaFURVFRSLF aVSHFW UaWLRV� 7KH anaO\]Hd OaWWLFHV aUH 
FRPSRVHd RI WZR IFF XnLW FHOOV Ln WKH KRUL]RnWaO SOanH � �=== yxa nnn � and YaU\LnJ nXPEHU 
RI XnLW FHOOV aORnJ TXaVL WKH z �a[LV� )ROORZLnJ WKH nRWaWLRn JLYHn Ln 5HI� >�@, ZH KHUHaIWHU 
naPH 730 WKH V\VWHPV IHaWXULnJ �== zv nn  �“thick pentamode materials”), and 630 
V\VWHPV IHaWXULnJ �=zn  �“slender pentamode materials”�� )RU HaFK RI VXFK V\VWHPV, ZH 
anaO\]H SK\VLFaO VaPSOHV IHaWXULnJ dLIIHUHnW YaOXHV RI d  � �,, ��� ddd  and IL[Hd YaOXHV RI a
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and D , aV VKRZn Ln 7aEOH �� :H XVH WKH OaEHO i WR dHnRWH WKH 630 �703 VaPSOH IHaWXULnJ 
idd = �  

a
>PP@

D
>PP@ 

1d
>PP@ 

2d
>PP@ 

3d
>PP@ 

%XLOW VL]H �� ���� ���� ���� ���� 
�&$' VL]H� ���� ������ ������ ������ ������ 

7aEOH �� *HRPHWULFaO SURSHUWLHV RI SK\VLFaO VaPSOHV RI FRnILnHd IFF SHnWaPRdH OaWWLFHV� 

7aEOH � VKRZV WKH PHan YaOXHV and VWandaUd dHYLaWLRnV RI WKH H[SHULPHnWaO YaOXHV RI WKH 
VHFanW KRUL]RnWaO VWLIInHVV effhK , , ZKLFK ZHUH REWaLnHd IRU WKH aERYH VSHFLPHnV XndHU WKH 
anaO\]Hd YaOXHV RI WKH YHUWLFaO ORad vF �  6XFK a TXanWLW\ ZaV dHILnHd aV IROORZV 
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−+

+

+
=

ll

hh
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ZKHUH WKH V\PEROV � and ± dHnRWH WKH Pa[LPXP and PLnLPXP YaOXHV, UHVSHFWLYHO\, RI WKH 
OaWHUaO IRUFH and WKH OaWHUaO dLVSOaFHPHnW UHFRUdHd dXULnJ WKH VKHaU WHVWV SUHVHnWHd Ln >�@� 7KH 
UHVXOWV Ln 7aEOH � LnFOXdH WKH HIIHFWLYH VKHaU PRdXOXV dHILnHd aV IROORZV 

A
HKG effheff ⋅= , ���

ZKHUH H dHnRWHV WKH KHLJKW RI WKH VSHFLPHn, and aaA �� ×=  dHnRWHV WKH OaWWLFH FRYHUHd aUHa 
RI WKH WHUPLnaO SOaWHV� 7KH HIIHFWLYH PRdXOXV effG  LV FRPSaUHd ZLWK WKH WKHRUHWLFaO VKHaU 
PRdXOXV thG  REWaLnHd WKURXJK WKH VFaOH�EULdJHLnJ WKHRU\ SUHVHnWHd Ln 5HI� >�@� 7KH UHVXOWV Ln 
)LJXUH � and 7aEOH � KLJKOLJKW a PaUNHd LnFUHaVH RI effhK ,  ZLWK LnFUHaVLnJ YaOXHV  RI ,ad
ZKLFK IROORZV E\ WKH LnFUHaVH Ln WKH EHndLnJ ULJLdLW\ RI WKH OaWWLFH IRU JURZLnJ VL]HV RI WKH 
nRdaO MXnFWLRnV� 7aEOH � aOVR VKRZV a VPaOO dLVSHUVLRn RI effhK ,  ZLWK WKH YHUWLFaO ORad vF  Ln 
WKH VPaOO dLVSOaFHPHnW UHJLPH� :H REVHUYH WKaW effG  LV aOZa\V OaUJHU WKan thG , ZKLFK LV 
H[SOaLnHd E\ WKH VWLIIHnLnJ HIIHFW RI WKH WHUPLnaO SOaWHV Ln WKH SK\VLFaO PRdHOV RI SHnWaPRdH 
OaWWLFHV� &RnFHUnLnJ 630 V\VWHPV, WKH dLIIHUHnFH EHWZHHn  effG  and thG  LV HTXaO WR ������ Ln 
630�, ������ Ln 630� and ������ Ln 630�� )RU ZKaW LnVWHad FRnFHUnV 730 V\VWHPV, WKH 
dLIIHUHnFH EHWZHHn  effG  and thG  LV HTXaO WR ����� Ln 730�, ������ Ln 730� and ������� 
Ln 730��  

7KH H[SHULPHnWaO UHVXOWV JLYHn Ln 5HI� >�@ LnFOXdH YHUWLFaO IRUFH � vF � YV� YHUWLFaO 
dLVSOaFHPHnW � vδ � WHVWV, Rn FRnVLdHULnJ RnH VSHFLPHn IRU HaFK H[aPLnHd ad  UaWLR, and 
aSSO\LnJ LnFUHPHnWaO ZHLJKWV Rn WRS RI WKH VSHFLPHnV Ln TXaVL�VWaWLF FRndLWLRnV �nR OaWHUaO 
dLVSOaFHPHnWV ZHUH aSSOLHd dXULnJ VXFK WHVWV�� :H OHW effvK ,  dHnRWH WKH HIIHFWLYH VWLIInHVV 
dHILnHd aV IROORZV  
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Pa[

Pa[
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effv
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ZKHUH Pa[
vF dHnRWHV WKH Pa[LPXP aSSOLHd YHUWLFaO ORad and Pa[

vδ  dHnRWHV WKH FRUUHVSRndLnJ 
YHUWLFaO dLVSOaFHPHnW� 7aEOH � VKRZV WKH H[SHULPHnWaO  YaOXHV RI WKH VHFanW VWLIInHVV effvK ,

REWaLnHd IRU 630 and 730 VSHFLPHnV, and WKH YaOXHV RI WKH HIIHFWLYH <RXnJ¶V PRdXOXV 
dHILnHd aV IROORZV 

A
hKE effveff ⋅= , ���

7KH H[SHULPHnWaO PRdXOL ��� aUH FRPSaUHd Ln 7aEOH � ZLWK WKH WKHRUHWLFaO PRdXOL thE  REWaLnHd 
WKURXJK WKH PHFKanLFaO WKHRU\ SUHVHnWHd Ln Ln 5HI� >�@� &RPSaULnJ UHVXOWV Ln 7aEOH � IRU 630 
V\VWHPV ZH REVHUYH WKaW thE  aVVXPHV YaOXHV YHU\ VLPLOaU WR thG  and WKaW effE  LV PaUNHdO\ 
JUHaWHU WKan thE , HVSHFLaOO\ Ln SUHVHnFH RI ORZ ad  UaWLRV� 7KH dLIIHUHnFH EHWZHHn effE  and 

thE  LV LndHHd HTXaO WR ������ Ln 630�, ������ Ln 630� and ����� Ln 630�, and LV aJaLn 
H[SOaLnHd E\ WKH SUHVHnFH RI WKH WHUPLnaO SOaWHV �aV Ln WKH FaVH RI WKH LnFUHaVH RI �theff GG � ,W 
LV LnWHUHVWLnJ WR nRWH WKaW ERWK WKH theff GG  and theff EE UaWLRV dHFUHaVH ZLWK LnFUHaVLnJ 
YaOXHV RI WKH ad  UaWLR� &RnFHUnLnJ 730 V\VWHPV, ZH nRWH WKaW WKH dLIIHUHnFH EHWZHHn effE
and thE  LV LndHHd HTXaO WR ����� Ln 730�, �������� Ln 730� and ������� Ln 730��  
2YHUaOO, ZH aUH OHd WR FRnFOXdH WKaW WKH HOaVWLF UHVSRnVH RI FRnILnHd SHnWaPRdH OaWWLFHV LV 
UaWKHU dLIIHUHnW IURP WKaW RI WKH XnFRnILnHd SHnWaPRdH OaWWLFHV anaO\]Hd Ln 5HI� >�@, dXH WR WKH 
PaUNHd FRnILnHPHnW HIIHFW SOa\Hd E\ WKH VWLIIHnLnJ SOaWHV aJaLnVW WKH dHIRUPaWLRn RI WKH 
VWUXFWXUH�   

630� 630� 630� 730� 730� 730� 

effhK ,

PHan 
�VWd 
'HY� 

���� 
������ 

����� 
������
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effG ����� �����
� 

������
� ������ ������� ������� 

thG ����� �����
� ������ ����� ������ ������ 

effvK , ����� ����� ������ �� ������ ����� 

effE ���,�
� 

���,�
� ���,�� ������ ������� ������� 

thE ����� �����
� ������ ����� ������ ������ 

7aEOH �� ([SHULPHnWaO YaOXHV RI WKH HIIHFWLYH YaOXHV RI WKH KRUL]RnWaO VWLIInHVV effhK ,  �1�PP�� WKH VKHaU

PRdXOXV effG  �N3a�� WKH YHUWLFaO VWLIInHVV effvK ,   �1�PP�, and WKH <RXnJ PRdXOXV effE  �N3a� RI 630 and 

730 VSHFLPHnV� thG and thE  dHnRWH WKH WKHRUHWLFaO YaOXHV RI WKH VKHaU PRdXOXV and <RXnJ PRdXOXV REWaLnHd 
WKURXJK WKH PHFKanLFaO PRdHO SUHVHnWHd Ln 5HI� >�@� 
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3. ENGINEERING APPLICATIONS OF PENTAMODE %EARINGS
7KH SUHVHnW VHFWLRn aLPV aW  LnYHVWLJaWLnJ WKH XVH RI SHnWaPRdH OaWWLFHV aV nH[W�JHnHUaWLRn 

VHLVPLF LVROaWRUV� $FFRUdLnJ WR WKH (XURSHan 6WandaUd (1 ����� >��@, a VHLVPLF LVROaWRU LV a 
³device possessing the characteristics needed for seismic isolation, namely, the ability to 
support a gravity load of superstructure, and the ability to accommodate lateral 
displacements´�  2XU FXUUHnW JRaO LV WR FRPSaUH WKH PHFKanLFaO UHVSRnVH RI FRPSXWaWLRnaO 
PRdHOV RI SHnWaPRdH OaWWLFHV ZLWK WKaW RI a FRPPHUFLaO UXEEHU EHaULnJ ZLWK dLaPHWHU 

( )���� 

 ������ m∅  and KHLJKW ( )�����

 ������m , ZKLFK LV FRPSRVHd RI �� UXEEHU Oa\HUV RI 
� mm HaFK� �� VWHHO VKLPV �VSaFHUV� RI ���� mm HaFK� WZR WHUPLnaO UXEEHU Oa\HUV  RI 
����mm HaFK  and FRYHUV, ZLWKRXW OHad SOXJ �LVROaWRU 7\SH ( >5%����@ SURdXFHd E\ '\naPLF 
,VROaWLRn 6\VWHPV, ,nF, 0F&aUUan, 19, 86$��  

$V ZH KaYH aOUHad\ REVHUYHd, WKH PXOWLVFaOH aSSURaFK WR WKH HOaVWLF PRdXOL RI SHnWaPRdH 
OaWWLFHV SUHVHnWHd Ln 5HI� >�@ LV nRW aFFXUaWH Ln SUHdLFWLnJ WKH HOaVWLF UHVSRnVH RI FRnILnHd 
SHnWaPRdH OaWWLFHV, VLnFH LW LJnRUHV WKH FRnILnHPHnW HIIHFW SOa\Hd E\ WKH VWLIIHnLnJ SOaWHV� ,n 
FRnVLdHUaWLRn RI WKLV, ZH nRZ PaNH XVH RI WKH WKHRU\ SUHVHnWHd Ln 5HI� >��@ WR dHVLJn 
SHnWaPRdH EHaULnJV WKaW aUH HTXLSSHd ZLWK KLnJHd �VWUHWFKLnJ�dRPLnaWHd UHJLPH�, and aUH 
REWaLnHd E\ UHSHaWLnJ Ln WKH �' VSaFH a VXE�OaWWLFH RI WKH IFF XnLW FHOO FKaUaFWHUL]LnJ RUdLnaU\ 
SHnWaPRdH OaWWLFHV� 7KH OaWWHU LV IRUPHd E\ WZR SULPLWLYH FHOOV, Ln SOaFH RI WKH IRXU SULPLWLYH 
XnLWH FHOOV IRUPLnJ WKH IFF FHOO �VIFF SHnWaPRdH OaWWLFHV, FI� )LJ� � RI 5HI� >��@�� 

:H aLP aW VKRZLnJ WKaW LW LV SRVVLEOH WR dHVLJn VIFF SHnWaPRdH EHaULnJV HTXLSSHd ZLWK KLnJHd 
FRnnHFWLRnV WKaW IHaWXUH WKH VaPH YHUWLFaO VWLIInHVV  RI WKH FRPPHUFLaO UXEEHU EHaULnJ XndHU 
FRnVLdHUaWLRn� :H IRFXV RXU aWWHnWLRn Rn a VTXaUH PXOWL�Oa\HU SHnWaPRdH EHaULnJ ZLWK HdJH 
OHnJWK , ZKLFK LV IRUPHd E\  a an n×  VIFF XnLW FHOOV Ln WKH KRUL]RnWaO SOanH and Oa\HUV, 
dHnRWLnJ WKH VROLd YROXPH IUaFWLRn RI WKH VIFF XnLW FHOO E\  � 0aNLnJ XVH RI WKH dHVLJn 
IRUPXOa JLYHn Ln 6HFW� � RI 5HI� >��@, ZH REWaLn  

���

ZKHUH E0 dHnRWHV WKH <RXnJ PRdXOXV RI WKH URdV� ,n RUdHU WR aYRLd PaWHULaO \LHOdLnJ XndHU 
YHUWLFaO ORadLnJ, ZH aOVR PaNH XVH (Tn� ���� RI 5HI� >��@ WR SUHdLFW WKH LnFUHPHnWaO a[LaO 
VWUHVV LndXFHd E\ an LnFUHPHnWaO YHUWLFaO dLVSOaFHPHnW  RI WKH dHYLFH IURP WKH UHIHUHnFH 
FRnILJXUaWLRn, ZKLFK FRUUHVSRndV WR an LnFUHPHnWaO YHUWLFaO dLVSOaFHPHnW RI WKH JHnHULF Oa\HU 
HTXaO WR � %\ VHWWLnJ VXFK an LnFUHPHnWaO VWUHVV HTXaO WR , ZKHUH   dHnRWHV WKH 
\LHOdLnJ VWUHVV RI WKH PaWHULaO and  dHnRWHV a VaIHW\ IaFWRU, ZH REWaLn WKH VHFRnd dHVLJn 
IRUPXOa WKaW IROORZV  

���

8SRn VROYLnJ WKH aERYH dHVLJn IRUPXOaH ��� and ��� IRU  and , ZH REWaLn 

,  ���
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/HW XV nRZ HPSOR\ VWHHO EaUV JUadH 6���-+, ZLWK <RXnJ PRdXOXV  *3a and \LHOd 
VWUHnJWK  03a >��@>��@, and OHW XV aVVXPH  PP,  PP, , 
and and  N1�PP� 7aEOH � and )LJXUH � LOOXVWUaWH dLIIHUHnW dHVLJnV RI VIFF 
SHnWaPRdH EHaULnJV WKaW FRUUHVSRnd WR VXFK a VHW RI dHVLJn SaUaPHWHUV, and H[KLELW dLIIHUHnW 
nXPEHUV RI Oa\HUV � ,W LV VHHn WKaW WKH ELOa\HU SHnWaPRdH EHaULnJ RI dHVLJn �F� H[KLELWV 
KRUL]RnWaO and YHUWLFaO dLPHnVLRnV UaWKHU VLPLOaU WR WKRVH RI WKH FRPPHUFLaO EHaULnJ XndHU 
FRnVLdHUaWLRn� 

>PP@ >PP@ 
�a� � � ��� ��� 
�E� � � ��� ��� 
�F� � � ��� ��� 

7aEOH �� *HRPHWULFaO SURSHUWLHV RI VTXaUH VIFF SHnWaPRdH EHaULnJV 
UHSOLFaWLnJ a FRPPHUFLaO UXEEHU EHaULnJ� 

�a� �E� 

�F�                                    �d� 
)LJXUH �� 'HVLJnV RI VIFF SHnWaPRdH EHaULnJV �a, E, F� WKaW H[KLELW HTXaO YHUWLFaO VWLIInHVV and ORad�FaUU\LnJ 

FaSaFLW\ RI a FRPPHUFLaO UXEEHU�EHaULnJ �d�� 

4. CONCLUDING REMARKS
:H KaYH SUHVHnWHd nRYHO YHUVLRnV RI SHnWaPRdH PaWHULaOV� aUWLILFLaO VWUXFWXUaO FU\VWaOV 

VKRZLnJ VKHaU PRdXOL PaUNHdO\ VPaOOHU WKan WKH EXON PRdXOXV >�@�>�@�  2n H[aPLnLnJ IFF 
SHnWaPRdH EHaULnJV HTXLSSHd ZLWK ULJLd FRnnHFWLRnV RI YaULaEOH VL]H and JHRPHWU\, ZH KaYH 
REVHUYHd WKaW WKH EXON PRdXOXV RI VXFK V\VWHPV LV aOZa\V OaUJHU WKan WKH VKHaU PRdXOXV� 7KH 
YaOLdaWLRn RI WKHRUHWLFaO SUHdLFWLRnV RI WKH HOaVWLF PRdXOL RI VXFK V\VWHPV aJaLnVW WKH 
H[SHULPHnWaO daWa SUHVHnWHd Ln 6HFW� � KLJKOLJKWHd WKaW WKH HOaVWLF UHVSRnVH RI FRnILnHd 
SHnWaPRdH OaWWLFHV LV UaWKHU dLIIHUHnW IURP WKaW RI WKH XnFRnILnHd SHnWaPRdH OaWWLFHV anaO\]Hd 
Ln 5HI� >�@, dXH WR WKH PaUNHd FRnILnHPHnW HIIHFW SOa\Hd E\ WKH VWLIIHnLnJ SOaWHV aJaLnVW WKH 
dHIRUPaWLRn RI WKH VWUXFWXUH�   

$V ZH aOUHad\ nRWLFHd, WKH aELOLW\ RI SHnWaPRdH OaWWLFHV WR VKRZ YHU\ VRIW and YHU\ VWLII 
dHIRUPaWLRn PRdHV, ZKLFK KaV EHHn UHFRJnL]Hd ERWK Ln WKH EHndLnJ� >�@ and Ln WKH VWUHFWKLnJ�
dRPLnaWHd >��@ UHJLPHV RI VXFK VWUXFWXUHV, VXJJHVWV WKH\ aUH SRWHnWLaOO\ VXLWaEOH IRU XVH aV 
VHLVPLF LVROaWRUV >�@>�@>��@>��@� 7KH PaMRU anaORJ\ EHWZHHn WKH PHFKanLFV RI FRnILnHd 
SHnWaPRdH OaWWLFHV and WKaW RI VHLVPLF LVROaWLRn dHYLFHV aOWHUnaWLnJ UXEEHU Oa\HUV and 
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VWLIIHnLnJ SOaWHV >�@>��@>��@ FRnVLVWV RI WKH IaFW WKaW, Ln ERWK FaVHV, WKH SOaWHV IRUPLnJ VXFK 
OaPLnaWHd VWUXFWXUHV VWLIIHn WKH FRPSUHVVLYH dHIRUPaWLRn PRdH RI WKH V\VWHP, and, aW WKH VaPH 
WLPH, NHHS LWV FRPSOLanFH aJaLnVW VKHaU aFWLRnV VXIILFLHnWO\ OaUJH�  

8nOLNH PRVW RWKHU VHLVPLF LVROaWRUV, ZKHUH WKH UHVSRnVH dHSHndV HnWLUHO\ Rn WKH SURSHUWLHV 
RI WKH PaWHULaOV XVHd, ZH ZLVK WR UHPaUN WKH UHVSRnVH RI SHnWaPRdH OaWWLFHV dHSHndV PRVWO\ 
Rn WKHLU JHRPHWU\� 7KLV LV adYanWaJHRXV, aV WKHLU UHVSRnVH Fan EH HaVLO\ WXnHd E\ aOWHULnJ WKH 
JHRPHWU\ WR FRnWURO WKH YHUWLFaO and KRUL]RnWaO VWLIInHVV IRU HaFK aSSOLFaWLRn >�@� $V a PaWWHU 
RI IaFW, E\ VLPXOaWLnJ WKH PHFKanLFaO UHVSRnVH RI SK\VLFaO PRdHOV RI VIFF V\VWHPV Ln WKH OaUJH 
HOaVWLF VWUaLn UHJLPH, LW KaV EHHn REVHUYHd a VWLIIHnLnJ HIIHFW Ln WHUPV RI WKH OaWHUaO IRUFH YV� 
OaWHUaO dLVSOaFHPHnW UHVSRnVH ZLWK LnFUHaVLnJ aPSOLWXdH RI OaWHUaO dLVSOaFHPHnWV �FI� 5HI� 
>��@�� ,W LV ZRUWK nRWLnJ WKaW a VLPLOaU KaUdHnLnJ UHVSRnVH LV a dHVLUaEOH SHUIRUPanFH IRU 
VHLVPLF LVROaWRUV SRWHnWLaOO\ H[SHULHnFLnJ OaUJH dLVSOaFHPHnWV, OLNH, H�J�, WULSOH SHndXOXP 
EHaULnJV >��@>��@� ,n addLWLRn, SHnWaPRdH EHaULnJV aUH WHnVLRn�FaSaEOH, L�H�, Fan EHaU ERWK 
FRPSUHVVLRn and WHnVLRn YHUWLFaO ORadV dXULnJ VHLVPLF H[FLWaWLRnV, dXH WR WKH nRn]HUR WHnVLOH 
VWUHnJWK RI WKH URdV IRUPLnJ WKH SHnWaPRdH OaWWLFHV �UHIHU, H�J�, WR WKH UHFHnW SaSHU >��@, and 
UHIHUHnFHV WKHUHLn, IRU WKH WHFKnLFaO UHOHYanFH RI WHnVLRn�FaSaEOH EHaULnJV�� 

,n 6HFW� � ZH KaYH dHVLJnHd LnnRYaWLYH VHLVPLF LVROaWRUV EaVHd Rn HLWKHU IFF RU VIFF 
SHnWaPRdH OaWWLFHV FRnILnHd EHWZHHn VWLIIHnLnJ SOaWHV� 7KH VRIW PRdHV RI VXFK PaWHULaOV KaYH 
EHHn FRnWUROOHd E\ WXnLnJ RI WKH PHFKanLFaO SURSHUWLHV and WKH JHRPHWU\ RI PHPEHUV and 
MXnFWLRnV� :H KaYH VKRZn WKaW VXFK nRYHO LVROaWRUV Fan H[KLELW PHFKanLFaO UHVSRnVH VLPLOaU 
WR WKaW RI FRnYHnWLRnaO UXEEHU EHaULnJV, SURYLdHd WKaW WKH PaWHULaO and WKH JHRPHWU\ RI WKH 
OaWWLFH aUH VXLWaEO\ dHVLJnHd�  

:H Pa\ FRnFOXdH WKaW SHnWaPRdH EHaULnJV RIIHU VHYHUaO SRWHnWLaO adYanWaJHV RYHU 
WUadLWLRnaO VWUXFWXUaO EHaULnJV >��@�>��@, ZKLFK HVVHnWLaOO\ IROORZ IURP WKH IaFW WKaW WKH 
PHFKanLFaO SURSHUWLHV RI VXFK V\VWHPV aUH dULYHn E\ WKH JHRPHWU\ RI WKH OaWWLFH PLFURVWUXFWXUH, 
PRUH WKan WKH FKHPLFaO FRPSRVLWLRn RI WKH PaWHULaO �L�H, VXFK V\VWHPV EHKaYH aV PHFKanLFaO 
PHWaPaWHULaOV�� ,W LV ZRUWK nRWLnJ WKaW LW LV SRVVLEOH WR SOa\ ZLWK WKH OaWWLFH PLFURVWUXFWXUH Ln 
RUdHU WR aFKLHYH WKH dHVLUHd FRPELnaWLRn RI VKHaU and FRPSUHVVLRn PRdXOL� $ddLWLRnaOO\, WKH 
FKRLFH RI WKH PaWHULaO RIIHUV addLWLRnaO dHVLJn RSSRUWXnLWLHV, ERWK Ln WHUPV RI WKH HOaVWLF 
UHVSRnVH, and IRU ZKaW FRnFHUnV WKH HnHUJ\ dLVVLSaWLRn SURSHUWLHV RI WKH V\VWHP �FI� 5HI�>�@�� 
:H KaYH aOVR REVHUYHd WKaW LW LV SRVVLEOH WR dHVLJn OaPLnaWHd VWUXFWXUHV WKaW IHaWXUH PXOWLSOH 
SHnWaPRdH Oa\HUV HTXLSSHd ZLWK dLIIHUHnW PaWHULaOV and SURSHUWLHV, ZKLOH Ln OaPLnaWHd UXEEHU 
WKH RnO\ OaPLnaWLRn YaULaEOH UHOaWLYH WR WKH VRIW Oa\HUV FRnVLVWV RI WKH XVH RI naWXUaO RU 
V\nWKHWLF UXEEHU �6HFW� �� >��@�>��@� )LnaOO\, SHnWaPRdH EHaULnJV Fan EH PanXIaFWXUHd Rn 
HPSOR\LnJ UaSLd SURWRW\SLnJ WHFKnLTXHV WKaW PaNH XVH RI VLnJOH RU PXOWLSOH PaWHULaOV �PHWaOV, 
SRO\PHUV, HWF�� >��@�>��@� 

)XWXUH H[WHnVLRn RI WKH SUHVHnW UHVHaUFK ZLOO UHJaUd H[SHULPHnWaO WHVWLnJ RI UHaO�VFaOH 
SK\VLFaO PRdHOV RI SHnWaPRdH EHaULnJV >��@� WKH PRdHOLnJ RI IaFWXUH daPaJH Ln WKH URdV RI 
SHnWaPRdH EHaULnJV XndHU VWUHVV >��@� dLVFUHWH�WR�FRnWLnXXP aSSURaFKHV WR WKH PHFKanLFV RI 
PXOWLOa\HUHd VWUXFWXUHV >��@�>��@� and WKH XVH RI SHnWaPRdH OaWWLFHV ZLWKLn LnnRYaWLYH 
PaWHULaOV and VWUXFWXUHV >��@�>��@� 
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