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Abstract
The NanoFlip�PUKLU[H[PVU�Z`Z[LT�PZ�Ä�[�^P[O�H�Å�H[�LUKLK�W\UJO�HUK�\ZLK�[V�JVTWYLZZ�NSHZZ�TPJYVZWOLYLZ�^P[OPU�HU�:,4�
JOHTILY��([�HU�LSHZ[PJ�Z[YHPU�VM��������[OL�@V\UN»Z�TVK\S\Z�PZ������������.7H��5$����^OPJO�PZ�L_HJ[S`�^P[OPU�[OL�YHUNL�VM�^OH[�
^L�L_WLJ[�MVY�ZVKH�SPTL�NSHZZ��;OL�YLZ\S[Z�HYL�LUOHUJLK�I`�in situ�:,4�PTHNLZ�^OPJO�YL]LHS�IV[O�WSHZ[PJ�`PLSK�HUK�MYHJ[\YL���

Introduction
4PJYVZWOLYLZ�OH]L�T`YPHK�\ZLZ�PU�TVKLYU�SPML���/VSSV^�TPJYVZWOLYLZ�HYL�\ZLK�[V�SV^LY�[OL�KLUZP[`�VM�THU\MHJ[\YLK�TH[LYPHSZ���
0U�TVKLYU�SPX\PK�JOYVTH[VNYHWO �̀�[OL�HUHS`[L�PZ�MVYJLK�[OYV\NO�H�JVS\TU�WHJRLK�^P[O�NSHZZ�TPJYVZWOLYLZ��[O\Z�JH\ZPUN�
JVTWVULU[Z�VM�[OL�HUHS`[L�[V�ZLWHYH[L�IHZLK�VU�[OL�ZWLLK�H[�^OPJO�[OL`�JHU�WHZZ�[OYV\NO�[OL�JVS\TU��0U�LSLJ[YVUPJ�WHJRHNPUN��
TL[HSPaLK�WVS`TLY�TPJYVZWOLYLZ�HYL�WHJRLK�[VNL[OLY�[V�JYLH[LK�Å�L_PISL��YLSPHISL�JVUULJ[PVUZ��;OL�NSHZZ�TPJYVZWOLYLZ�[LZ[LK�
PU�[OPZ�^VYR�HYL�PUJVYWVYH[LK�PU[V�WHPU[Z�[V�LUOHUJL�HWWLHYHUJL�HUK�THY�YLZPZ[HUJL��0U�HSS�[OLZL�HWWSPJH[PVUZ��RUV^PUN�[OL�
TLJOHUPJHS�WYVWLY[PLZ�VM�[OL�TPJYVZWOLYLZ�PZ�H�JYP[PJHS�HZWLJ[�VM�KLZPNU�

>P[O�YLSH[P]LS`�TPUVY�JOHUNLZ�PU�OHYK^HYL�HUK�[LZ[�WYVJLK\YL��[OL�inForce 50 actuator�ILJVTLZ�H�NLULYHS�ZTHSS�ZJHSL�
JVTWYLZZPVU�[LZ[PUN�Z`Z[LT��0U�[OPZ�JHZL��[OL�HJ[\H[VY�^HZ�Ä�[�^P[O�H�Å�H[�LUKLK�W\UJO�PU�VYKLY�[V�ZL[�\W�H�[LZ[�JVUKP[PVU�[OH[�
JHU�IL�HUHS`aLK�HZ�H�KV\ISL�ZPKLK�/LY[aPHU�JVU[HJ[�B�D��-VY�[OL�[LZ[�NLVTL[Y`�PSS\Z[YH[LK�PU�-PN\YL����[OL�@V\UN»Z�TVK\S\Z��E��PZ�
YLSH[LK�[V�[OL�WHY[PJSL�KPHTL[LY��D��JVTWYLZZPVU�MVYJL��P��HUK�[OL�[V[HS�JVTWYLZZPVU�KPZ[HUJL��α��HZ� :

(1)

;OL�VZJPSSH[VY`�HZWLJ[�VM�[OL�inForce 50�B�D�WYV]PKLZ�HU�L_WLYPTLU[HS�HK]HU[HNL�PU�[OH[�
VUL�TH`�\ZL�H�KLYP]H[P]L�MVYT�VM�,X�����S�$�KP/dα��^OPJO�YL]LHSZ�H�TVYL�PUZ[HU[HULV\Z�
YLSH[PVUZOPW�IL[^LLU�WYVWLY[PLZ�HUK�TLHZ\YLK�WHYHTL[LYZ!

(2)

0U�V[OLY�^VYKZ��[OL�@V\UN»Z�TVK\S\Z�PZ�YLSH[LK�[V�[OL�PUZ[HU[HULV\Z�Z[Pќ�ULZZ��S��HUK�[OL�JVTWYLZZPVU�KPZ[HUJL��α��5V[�VUS`�PZ�
,X����SLZZ�ZLUZP[P]L�[V�JVTTVU�TLHZ\YLTLU[�LYYVYZ�PU�[OL�HIZVS\[L�]HS\LZ�VM�P and α��P[�JHU�YL]LHS�JOHUNLZ�PU�TVK\S\Z�JH\ZLK�
I`�PUJYLHZPUN�JVTWYLZZP]L�Z[YHPU��;OPZ�PZ�WHY[PJ\SHYS`�PTWVY[HU[�MVY�WVS`TLY�ZWOLYLZ��ILJH\ZL�[OL�JVTWYLZZPVU�WYVJLZZ�JH\ZLZ�
[OL�WVS`TLY�JOHPUZ�[V�Z[YL[JO�HUK�ILJVTL�TVYL�JSVZLS`�WHJRLK��^OPJO�JHU�THUPMLZ[�HZ�H�[Y\L�PUJYLHZL�PU�TVK\S\Z��0U�V[OLY�
^VYKZ��[OL�JVTWYLZZLK�WVS`TLY�TPJYVZWOLYL�NLULYHSS`�OHZ�H�OPNOLY�TVK\S\Z�[OHU�[OL�VYPNPUHS�TPJYVZWOLYL��;O\Z��,X����PZ�H�
IL[[LY�TVKLS��I\[�P[�JHU�VUS`�IL�\ZLK�^P[O�[LZ[PUN�PUZ[Y\TLU[Z�[OH[�Z\WLYPTWVZL�HU�VZJPSSH[VY`�MVYJL�VU�[OL�ZLTP�Z[H[PJ�
JVTWYLZZPVU�WYVJLZZ�

  1 Assuming infi nitely stiff  platens.

Figure 1. Compression of a sphere between two 
platens, analyzed as a double-sided Hertzian 
contact [1].  In this work, the face of the fl at 
punch is one platen and the substrate is the 
other.
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;V�UVYTHSPaL�YLZ\S[Z�MVY�WHY[PJSL�ZPaL��^L�LTWSV`�H�ZPTWSL�KLÄ�UP[PVU�VM�Z[YHPU�

HUK�YLWVY[�TVK\S\Z�MVY�LHJO�TPJYVZWOLYL�H[�H�ZWLJPÄ�J�]HS\L�VM�Z[YHPU�

(3)

Experimental Method
(SS�[LZ[Z�^LYL�WLYMVYTLK�^P[O�[OL�NanoFlip�WYVK\JLK�I`�5HUVTLJOHUPJZ��0UJ���^OPJO�
PUJS\KLZ�HU�inForce 50 actuator��;OL�NanoFlip�^HZ�JOVZLU�ILJH\ZL�P[Z�ZTHSS�ZPaL�
HSSV^Z�[LZ[PUN�^P[OPU�HU�:,4�JOHTILY��HUK�P[Z�Z\WLYPVY�WVZP[PVUPUN�JHWHIPSP[`�HSSV^Z�
TV[PVU�JVU[YVS�^P[O�UHUVTL[LY�ZJHSL�WYLJPZPVU��;OL�HJ[\H[VY�^HZ�JVUÄ�N\YLK�^P[O�H�
[PW�L_[LUKLY��HUK�Ä�[�^P[O�H�JVUK\J[P]L�KPHTVUK�MY\Z[\T��ј�$���o��9�$��эT���;OL�LU[PYL�
[LZ[PUN�Z`Z[LT�^HZ�WSHJLK�PUZPKL�[OL�THPU�JOHTILY�VM�H�7OPSPWZ�?3����:JHUUPUN�
,SLJ[YVU�4PJYVZJVWL�HZ�ZOV^U�ZJOLTH[PJHSS`�PU�-PN\YL���[V�HSSV^�ZPT\S[HULV\Z�
PTHNPUN�HUK�[LZ[PUN��

:VSPK�TPJYVZWOLYLZ�THKL�MYVT�YLJ`JSLK�ZVKH�SPTL�NSHZZ��TLHU�KPHTL[LY�VM��эT��
^LYL�HJX\PYLK�MYVT�7YPaTHSP[L�0UK\Z[YPLZ��0UJ����4PJYVZWOLYLZ�^LYL�KPZWLYZLK�VU�H�
NSHZZ�TPJYVZJVWL�ZSPKL�\ZPUN�L[OHUVS��(SS�[LZ[Z�^LYL�WLYMVYTLK�\ZPUN�[OL�[LZ[�TL[OVK�
¸0U:,4�+`UHTPJ�:WOLYPJHS�*VTWYLZZPVU�¹�;OPZ�[LZ[�TL[OVK�VWLYH[LZ�PU�PUKP]PK\HS�
TVKL��HSSV^PUN�[OL�\ZLY�[V�L_LJ\[L�VUL�[LZ[�H[�H�[PTL��;OL�MVSSV^PUN�Z[LWZ�^LYL�WLYMVYTLK�MVY�LHJO�[LZ[!
� ��� .\PKLK�I`�H�]PKLV�Z[YLHT�MYVT�[OL�:,4��[OL�TV]PUN�WSH[LU��[OL�Å�H[�MHJL�VM�[OL�KPHTVUK�MY\Z[\T�PUKLU[LY��^HZ�� �
� � JLU[LYLK�V]LY�[OL�[HYNL[�WHY[PJSL��HWWYV_PTH[LS`���TPJYVUZ�HIV]L�[OL�[VW�VM�[OL�WHY[PJSL���
� ��� ;OL�KPHTL[LY�VM�[OL�WHY[PJSL�^HZ�TLHZ\YLK�\ZPUN�H�OPNO�X\HSP[`�:,4�PTHNL���
� ��� ;OL�TV]PUN�WSH[LU�HWWYVHJOLK�[OL�WHY[PJSL�H[�H�]LSVJP[`�VM���UT�ZLJ�\U[PS�JVU[HJ[�^HZ�KL[LJ[LK���
� ��� ;OL�WHY[PJSL�^HZ�SVHKLK�H[�H�YH[L�VM�����T5�ZLJ�^OPSL�ZPT\S[HULV\ZS`�VZJPSSH[PUN�[OL�TV]PUN�WSH[LU�^P[O�HU�HTWSP[\KL�
� � VM���UT�HUK�H�MYLX\LUJ`�VM�����/a��3VHKPUN�^HZ�[LYTPUH[LK�^OLU�[OL�[V[HS�JVTWYLZZPVU�L_JLLKLK������UT�VY�� �
� � [OL�HWWSPLK�MVYJL�L_JLLKLK���T5���
� ��� ;OL�WHY[PJSL�^HZ�\USVHKLK�V]LY�[OL�JV\YZL�VM���ZLJVUK��
� � +\YPUN�[OL�HWWYVHJO��SVHKPUN��HUK�\USVHKPUN��MHZ[�ZJHU�]PKLV���MYVT�[OL�:,4�^HZ�H\[VTH[PJHSS`�HJX\PYLK�HUK�� �
� � Z`UJOYVUPaLK�^P[O�[OL�TLJOHUPJHS�KH[H�PU�5HUVTLJOHUPJZ�InView�ZVM[^HYL�

Figure 2. Schematic of test set-up.

Results and Discussion
-PN\YL���ZOV^Z�[OL�:,4�PTHNLZ�VM�[OL�Ä�YZ[�TPJYVZWOLYL��ILMVYL�HUK�HM[LY�[LZ[PUN���6[OLY�TPJYVZWOLYLZ�L_OPIP[�ZPTPSHY�
KLMVYTH[PVU���*SLHYS �̀�[OL�[LZ[�JH\ZLZ�IV[O�WSHZ[PJ�`PLSK��HZ�PUKPJH[LK�I`�[OL�Å�H[[LULK�ZOHWL��HZ�^LSS�HZ�MYHJ[\YL��(S[OV\NO�[OL�
NVHS�VM�[OPZ�^VYR�PZ�[V�TLHZ\YL�@V\UN»Z�TVK\S\Z��M\[\YL�Lќ�VY[Z�^PSS�MVJ\Z�VU�TLHZ\YPUN�`PLSK�Z[YLUN[O�I`�TLHUZ�VM�H�ZPTPSHY�[LZ[�

Figure 3a. 
Microsphere 1, 
before testing.

Figure 3b, Microsphere 
1, after testing.  Particle 
has both yielded 
plastically and fractured.

2 Prizmalite Industries, Inc. 380 Lexington Ave, 17th Floor, New York, NYU 10168.  Product Name: P2011SL Glass Microspheres; Lot Number: PS130803A.

3 16.7ms/line, 2904 lines/frame

4 1.68ms/line, 484 lines/frame
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;OL�Z\WLYPTWVZLK�VZJPSSH[PVU�^L�HWWS`�K\YPUN�SVHKPUN�
���UT������/a��`PLSKZ�H�JVU[PU\V\Z�TLHZ\YL�VM�Z[Pќ�ULZZ�HZ�
LHJO�TPJYVZWOLYL�PZ�JVTWYLZZLK��-YVT�[OPZ�JVU[PU\V\Z�
TLHZ\YL�VM�Z[Pќ�ULZZ��TVK\S\Z�PZ�JHSJ\SH[LK�HJJVYKPUN�[V�
,X������-PN\YL���ZOV^Z�[OPZ�JHSJ\SH[PVU�VM�TVK\S\Z�HZ�H�
JVU[PU\V\Z�M\UJ[PVU�VM�Z[YHPU�MVY�HSS�[LZ[Z��(Z�L_WLJ[LK��
[OL�TLHZ\YLK�TVK\S\Z�PZ�TVYL�JVUZPZ[LU[�MYVT�[LZ[�[V�
[LZ[�H[�SHYNLY�Z[YHPUZ��;OPZ�PZ�ILJH\ZL�PUHJJ\YHJPLZ�PU�
[OL�JVTWYLZZPVU�KPZ[HUJL��^OPJO�HYPZL�WYPTHYPS`�MYVT�
PTWLYMLJ[PVUZ�PU�[OL�ZOHWLZ�VM�[OL�JVU[HJ[PUN�Z\YMHJLZ��
ILJVTL�YLSH[P]LS`�\UPTWVY[HU[�HZ�[OL�V]LYHSS�JVTWYLZZPVU�
KPZ[HUJL�PUJYLHZLZ��(SS�WHY[PJSLZ�MHPS�H[�H�Z[YHPU�Q\Z[�HIV]L�
������;O\Z��^L�YLWVY[�[OL�TLHZ\YLK�TVK\S\Z�H[�H�SLZZLY�
Z[YHPU�HYV\UK��������IL[^LLU�[OL�¸?¹�HUK�[OL�NYLLU�JPYJSL�
PU�-PN\YL�����

-PN\YL���PSS\Z[YH[LZ�H�]LY`�WYHJ[PJHS�HK]HU[HNL�VM�[OL�Z\WLYPTWVZLK�VZJPSSH[PVU!�ZPTWSPJP[`�PU�[LZ[PUN��>L�KPK�UV[�ULLK�[V�RUV^�
T\JO�HIV\[�[OL�ZHTWSL�VY�P[Z�L_WLJ[LK�ILOH]PVY�PU�VYKLY�[V�WSHU�H�NVVK�[LZ[��;OL�Z\WLYPTWVZLK�VZJPSSH[PVU�NP]LZ�WYVWLY[PLZ�
HZ�H�JVU[PU\V\Z�M\UJ[PVU�VM�Z[YHPU��VY�SVHK��VY�KLW[O��HUK�[OL�L_WLYPTLU[LY�PZ�MYLL�[V�KLJPKL��HM[LY�[OL�MHJ[��[OL�PKLHS�JVUKP[PVUZ�
MVY�YLWVY[PUN�WYVWLY[PLZ·PU�[OPZ�JHZL��Q\Z[�WYPVY�[V�MYHJ[\YL��;OL InView ZVM[^HYL�THRLZ�[OLZL�HK]HU[HNLZ�H]HPSHISL�[V�[OL�
L_WLYPTLU[LY�I`�HSSV^PUN�JOHUNLZ�PU�KH[H�HUHS`ZPZ�HM[LY�[LZ[PUN�PZ�JVTWSL[L�

;HISL���Z\TTHYPaLZ�[OL�TLHZ\YLTLU[Z�VM�KPHTL[LY�HUK�TVK\S\Z�MVY�HSS�TPJYVZWOLYLZ��,]LU�MVY�[OPZ�]LY`�ZTHSS��HUK�UV[�YHUKVT��
ZHTWSPUN��[OL�TLHU�KPHTL[LY�PZ�JSVZL�[V�[OH[�YLWVY[LK�I`�[OL�THU\MHJ[\YLY����эT���(UK�[OL�TLHZ\YLK�TVK\S\Z�VM������.7H�PZ�
^P[OPU�[OL�YHUNL�VM�^OH[�^L�ZOV\SK�L_WLJ[�MVY�ZVKH�SPTL�NSHZZ��������.7H�B�D��

Figure 4. Modulus as a function of compressive strain for twelve 
microspheres. Failure is obvious at strains just greater than 0.3%.

Table 1.  Summary of diameter and Young’s modulus for soda-lime glass microspheres.
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Conclusions
The NanoFlip�UHUVPUKLU[LY�MYVT�5HUVTLJOHUPJZ��0UJ��PZ�\ZLK�HZ�H�NLULYHS�TPJYV�ZJHSL�JVTWYLZZPVU�[LZ[LY�PU�VYKLY�[V�TLHZ\YL�
[OL�@V\UN»Z�TVK\S\Z�VM�NSHZZ�TPJYVZWOLYLZ�VM�HIV\[�MV\Y�TPJYVUZ�PU�KPHTL[LY���;OL�[LZ[�PZ�PU[LYWYL[LK�^P[O�H�KV\ISL�ZPKLK�
/LY[aPHU�TVKLS�PU�VYKLY�[V�HJOPL]L�H�]HS\L�MVY�@V\UN»Z�TVK\S\Z���;OL�K`UHTPJ�HZWLJ[�VM�[OPZ�[LZ[PUN�Z`Z[LT��^OPJO�TLHZ\YLZ�
LSHZ[PJ�Z[PќULZZ�HZ�H�JVU[PU\V\Z�M\UJ[PVU�VM�JVTWYLZZPVU��YLK\JLZ�ZLUZP[P]P[`�[V�PTWLYMLJ[PVUZ�PU�[OL�ZOHWLZ�VM�[OL�JVU[HJ[PUN�
IVKPLZ��[O\Z�HSSV^PUN�HU�HJJ\YH[L�TLHZ\YLTLU[�VM�@V\UN»Z�TVK\S\Z�������������.7H�����
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