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Accurately targeting a tumour site during needle-based biopsy 
procedures is critical for diagnosis and for personalized strat-
egies in cancer treatment, where the biopsy tissue is essential 

for genomic screening1. Approximately one in five biopsy samples 
are not viable for analysis owing to the insufficient number of 
malignant cells that often results from imprecise image-guided tar-
geting of the biopsy needle into the tumour2. Repeating these inva-
sive biopsy procedures increases the potential for complications for 
the patient, including tumour seeding; therefore, success following 
the initial biopsy is crucial3,4. Even the much anticipated national 
pan-cancer Molecular Analysis for Therapy Choice (MATCH) clin-
ical trial, which aimed to use genomic analysis to advance precision 
medicine, suffered from major sample-quality issues impacting 94 
of the 739 cases during an interim analysis; 127 samples could not 
be analysed for reasons that included insufficient tumour or tissue 
to allow for genomic analysis2,5.

Erroneous targeting of tumour tissue resulting in minimal or 
no malignant cells in the biopsy specimens can lead to misdiag-
nosis and delayed care. Ultrasound and computed tomography are  

helpful in guiding needles to the tumour tissue6,7; however, the 
accuracy and utility of these imaging tools can be limited, especially 
when lesions are small, are affected by motion (especially during 
respiration), cannot be seen without contrast agents, or are mobile, 
such as lymph nodes. Because of inherent risks to renal function, 
intravenous contrast is often not used during biopsy procedures; 
thus, percutaneous placement of the needle, especially with com-
puted tomography guidance, relies on the ability of the operator 
to use adjacent landmarks, such as bony structures, for guidance. 
Additional risks due to radiation exposure to the patient and opera-
tor from prolonged computed tomography fluoroscopy use also 
impact the success of guidance. As a result, despite best imaging 
practices and operator experience, high rates of false negatives 
and inadequate tissue sampling of lesions < 1 mm in the lungs and  
< 3 cm in the abdomen are common8.

Recent reports show that disease states, ranging from inflamma-
tion to fibrosis to cancer, alter the mechanical properties of tissues, 
suggesting a potential for the use of targeting biopsy needles9–11. 
Specifically, measurements of the mechanical properties of soft  
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tissues, particularly the elastic modulus, can be used to distinguish 
healthy and diseased tissues such as in the liver, kidney, lung and 
brain12–16. For example, in the liver, tumours exhibit abnormally 
high stiffness and densities compared with surrounding soft tissue10. 
As normal tissue becomes afflicted with disease, such as chronic 
inflammation or malignancy, the local modulus changes signifi-
cantly, suggesting that this mechanical property could be used as a 
marker of pathology, specifically neoplasms. Thus, minimally inva-
sive measurements of modulus may allow the detection of tumours 
with high accuracy17. Existing characterization methods rely on 
bulk measurements of displacement (that is, strain) as a function 
of applied force (that is, stress) delivered with instruments that 
apply vacuum suction18, tools that impart compressive forces19 or 
fine tips that induce small-scale indentations20, all typically ex vivo. 
The associated instruments with these methods often involve large 
equipment, thereby precluding their use in the direct evaluation of 
tissues in patients during surgical procedures21. Non-invasive mea-
surements for estimating tissue lesions are possible with acoustic 
methods, such as ultrasound6 and acoustic radiation force impulse 
imaging21. However, magnetic resonance elastography (MRE) allows 
non-invasive measurements of modulus in which (1) external exci-
tation leads to shear waves inside the tissue, (2) spatio-temporal 
information is yielded on the propagation of these waves and (3) 
data processing produces colour-coded quantitative maps of tissue 
stiffness22. Recent reports describe the use of MRE to identify and 
localize diseased tissue, such as in the liver for fibrosis23, kidneys24 
and breasts25 for tumours, and spleen23 and lung26 for quantitating 
stiffness. These results clearly demonstrate that mechanical proper-
ties can be used clinically to distinguish tissue types and advance the 
assessment of tissue. Abnormalities detected by MRE often trigger 
additional exams, such as computed-tomography-guided biopsies 
for diagnosis and genetic analysis27,28.

Here, we present advances in materials and device engineering 
that have the potential to allow accurate targeting of tumour tissue. 
These adapt and extend recently reported technologies for charac-
terizing the mechanical properties of the skin to needle-based sys-
tems for tissue targeting in the context of percutaneous biopsies29. 
Embodiments of our technology include both free-standing, flex-
ible penetrating pins and thin laminates on standard instruments 
for performing biopsies. Extensive ex vivo and in vivo evaluations of 
various normal and diseased tissues, including human livers, illus-
trate the measurement capabilities, with quantitative comparisons 
to clinical standards such as MRE. These studies establish the foun-
dations for minimally invasive sensors for improving tissue target-
ing, where Young’s modulus serves as the basis for guiding accurate 
specimen collection for histological and genetic testing.

Results and discussion
Materials, designs and fabrication procedures for needle-based 
modulus probes. Figure 1a shows schematic illustrations of two 
kinds of modulus-sensing probe. In both, two separate micro-
components (lateral dimensions of 200 μ m ×  140 μ m, separated 
by 1 mm) constructed with the piezoelectric material lead zir-
conate titanate (PZT) provide mechanical actuation (distant from 
the tip) and sensing (near the tip). The modulus of the adjacent 
contacting tissue can be extracted by interpreting data that follow 
from applying voltage to the mechanical actuator and measuring 
the induced voltage of the sensor. These active elements consist 
of patterned multilayer stacks of PZT (500 nm) between bottom 
(Ti/Pt, 5 nm/200 nm) and top (Cr/Au, 10 nm/200 nm) electrodes 
(Supplementary Figs. 1 and 2), with an overcoat of polyimide 
(PI) for encapsulation (inset of Fig. 1a and Supplementary Fig. 4). 
The first embodiment (device 1) adopts a free-standing design in 
the shape of a penetrating pin, built on a thin, flexible substrate 
of 75-μ m-thick PI (Supplementary Figs. 3 and 4)30. A magnified 
view is shown in Fig. 1b. The sharp tip geometry and narrow width 

(0.5 mm, with 4 mm length; Supplementary Fig. 5) allow penetra-
tion through soft tissues for injection into targeted regions31,32. 
Previous studies of the constituent materials reveal no evidence of 
toxicity29. The electrodes for the sensors and actuators interface to 
input/output channels through photolithographically defined elec-
trical interconnects (Au, 200 nm thick).

The second embodiment (device 2) uses a conventional steel 
biopsy needle as a platform to enable penetration of skin, fascia 
and solid organs and positioning within a lesion for the assessment 
of organ pathology, diagnosis and/or treatment. The main differ-
ence compared with the design of device 1 is the use of an ultra-
thin (3 μ m) sheet of PI (1.5 mm width, 4.5 mm length) as a substrate 
to allow sharp bending for conformal lamination onto the tip end 
region of the biopsy needle (Fig. 1c). A thin (50 μ m) interlayer of 
polydimethylsiloxane (PDMS) (modulus of ~100 kPa) lies between 
the bottom side of the PI and the surface of the needle, as a means to 
mechanically decouple the device from the steel needle, for reasons 
described later. Images of both devices are shown in Fig. 1d–f and 
Supplementary Fig. 6.

Finite element analysis (FEA) indicates that for a given actua-
tion voltage, the sensor voltage relates to the modulus of the tissue 
through mechanical coupling among the actuator, substrate, tissue 
and sensor. With the device inserted into—and firmly in contact 
with—the tissue, application of a voltage leads to mechanical strain 
in the actuator via the piezoelectric effect, and a slight resultant 
bending of the needle substrate. The associated deformation of the 
surrounding tissue creates strain in the sensor. Through the inverse 
piezoelectric effect, this strain produces a measurable voltage; the 
magnitude of the strain, and therefore the voltage, depends on the 
tissue modulus. Figure 2a shows the model for FEA, while Fig. 2b 
illustrates the deformations in the device and surrounding tissue. 
The results in Fig. 2c,d indicate that strains induced in the tissue 
and devices (actuator, PI or PDMS-coated steel needle substrate and 
sensor) are very small (< 0.1%) for applied voltages in a practical 
range (up to several volts).

Fundamental studies of operational principles. The FEA results of 
Supplementary Fig. 7a reveal the dependence of the sensor voltage 
on tissue modulus. Specifically, the voltage increases by one order 
of magnitude when the tissue modulus increases from 1 kPa to 
100 kPa. The voltage then decreases as the tissue modulus increases 
beyond this upper value. This non-monotonic relationship can be 
understood qualitatively as a balance of two considerations: (1) 
in the regime of low modulus, the actuator and substrate deform 
freely, with highly localized responses that lead to small strains in 
the sensor and correspondingly small sensor voltages; and (2) in the 
regime of high modulus, mechanical loading associated with the 
surrounding tissue limits the deformation of the actuator and the 
substrate, again leading to small sensor voltages. The sensor voltage 
reaches a maximum between these two limiting regimes at ~100 kPa 
in Supplementary Fig. 7b.

A scaling law that relates the tissue modulus Etissue and sensor 
voltage Vsensor can be established for values of the tissue modulus 
between 1 kPa and 1,000 kPa, as (see Supplementary Information 
for details)
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where Vactuator is the actuator voltage and the other parameters and 
variables can be grouped into (1) material properties: the piezoelec-
tric coefficient e31 and dielectric coefficient k33 of the actuator and 
sensor made of PZT, and the modulus EPI of the needle substrate 
made of PI; and (2) geometric parameters: thickness hPZT and area 
APZT perpendicular to the polarization direction of the actuator and 

NATuRe BiOMediCAL eNgiNeeRiNg | VOL 2 | MARCH 2018 | 165–172 | www.nature.com/natbiomedeng166

http://www.nature.com/natbiomedeng


© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

ArticlesNaTUre Biomedical eNgiNeeriNg

sensor, thickness hPI of the needle substrate, and spacing d between 
the actuator and the sensor. The function G depends on the tis-
sue modulus and spacing via E dtissue

3 normalized by the bend-
ing stiffness of the needle substrate, as in Supplementary Fig. 8.  
For hPZT ≪  hPI ≪  wPI, LPI (where wPI is the width of the needle sub-
strate and LPI is the length of the needle substrate) and hPZT ≪  LPZT, 
wPZT ≪  d ≪  wPI, LPI (where LPZT is the length of the actuator and sen-
sor, and wPZT is the width of the actuator and sensor), equation (1) is 
consistent with FEA, as shown in Supplementary Fig. 8.

This scaling law also gives the critical tissue modulus E *tissue below 
which the relationship between sensor voltage and tissue modulus 
is monotonic as (for example, ~100 kPa in Supplementary Fig. 7)

= .E
E h

d
0 2 (2)*tissue

PI PI
3

3

which can be controlled by changing the modulus of the needle 
substrate, the thickness or the spacing between the actuator and 
sensor, as illustrated in Supplementary Fig. 9. Simulations indicate 

that the sensor can measure samples with dimensions as small as 
1 mm ×  1 mm ×  1.5 mm (length ×  width ×  thickness), as shown 
in Supplementary Fig. 10. Insights from this theoretical treat-
ment establish the foundations for both design guidelines and  
analysis approaches.

In practical modes of operation, alternating current voltages 
drive the actuator, while lock-in techniques extract corresponding 
alternating current voltages from the sensor, typically in a frequency 
range of 1~100 Hz. The data-recording system includes a lock-in 
amplifier (SR830, Stanford Research Systems), a bio-amplifier 
(ADInstruments) and a computer for determining the amplitude of 
the voltage response from the sensors29. Tests on samples of PDMS 
with Young’s moduli similar to those of biological tissues validate 
this type of measurement33. Here, dynamic mechanical analysis 
(DMA) of the same samples provides comparative data on the stor-
age and loss moduli. As expected from FEA predictions that use 
the moduli determined by DMA, the sensor voltage is independent 
of the actuation frequency from 1 to ~100 Hz (Fig. 2e). As a result, 
viscoelastic effects can be neglected; we confirmed that they can 
also be neglected for the biological samples, as is shown in Fig. 2f.  
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The effects of inertia are negligible owing to the low operating 
frequencies (below 100 Hz), such that harmonic vibrations can be 
considered as quasi-static. For consistency, we used a frequency of 
100 Hz in the studies described next.

Quantitative calibration and measurement of artificial tissue 
samples. Evaluation of a set of agarose gel (Sigma–Aldrich) samples 
formulated to yield a range of Young’s modulus values that span 
those of inner body soft organ tissues10,34,35 confirmed the relation-
ships and calibration procedures outlined in the previous section, 
as shown in Supplementary Fig. 11. Supplementary Fig. 12 presents 
the actuator voltage (peak value) in device 1 as a function of sensor 
voltage for artificial tissues with various modulus values. The sen-
sor voltages increase linearly with actuator voltage for each sample 
(moduli between 1 and 105 kPa). As a function of modulus, the sen-
sor voltage varies in a fashion (Fig. 2g) consistent with FEA results 
and with previously described qualitative considerations. DMA 
measurements, FEA simulations and data from the needle devices 
precisely and completely define the relationship between modulus 

and sensor voltages, for given actuator voltage, as shown in Fig. 2g 
and Supplementary Fig. 12.

Similar studies define the operation of the biopsy needle embodi-
ment (device 2), as shown in Supplementary Figs. 13 and 14. Here, 
a monotonic linear relationship exists between the sensor voltage 
and tissue modulus (Supplementary Fig. 15), up to values of 1 MPa, 
consistent with replacement of the quantity EPI ×  h3

PI with K—an 
effective stiffness that is significantly larger than EPI ×  h3

PI due to 
the influence of the steel biopsy needle—in equation (2). Figure 2h  
summarizes the sensor voltages measured at similar actuator voltages 
for artificial tissues with various moduli. Compared with device 1,  
these systems exhibit comparatively small sensor voltages due to 
increased stiffness and reduced deformability of the substrate struc-
ture (stainless steel has a modulus of ~200 GPa36; PI has a modulus 
of ~2.5 GPa29,37).

In both cases, the modulus measurements yield properties in near 
proximity to the actuator/sensor pairs. Placing the probe (device 1) 
at various levels of injection into an artificial multilayer tissue sam-
ple constructed with three different layers of agarose gel (18, 33 and 
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80 kPa) demonstrates capabilities in depth profiling, as shown in 
Supplementary Fig. 16. The inset optical images of Supplementary 
Fig. 16a highlight the injection process. Supplementary Fig. 16b 
presents the sensor voltage and extracted modulus values as a func-
tion of depth. This capability is critically important for investiga-
tions of various layered tissue structures that are ubiquitous in 
biology, and for guidance in biopsies.

In these and other uses, the devices must be well encapsulated to 
avoid unwanted penetration of bio-fluids into the active regions of the 
devices38. Mechanical properties of tissues may vary over time due to 
dehydration, bleeding and/or tissue damage. Tests that involve injec-
tion into artificial tissues or fresh explanted biological tissues show 
continuous, invariant operation for 60 min—significantly longer 
than the time duration for a typical biopsy (Supplementary Fig. 17).  
The systems reported here use PI as an encapsulant. Parylene repre-
sents an alternative, with improved barrier properties.

Animal model evaluations in vivo and ex vivo. These probes can 
be inserted percutaneously into a wide range of biological tissues 
for modulus measurements both in vivo and ex vivo, as shown in 
rat models in Fig. 3a,b and Supplementary Fig. 18. Figure 3c–g 
and Supplementary Fig. 19 summarize the results obtained from 
explanted samples of liver, fat, kidney, spleen and lung, each in a 
non-diseased state. Modulus values for these organs and tissues 
are shown in Fig. 3h. The in vivo results, collected on an anaes-
thetized rat, show that Eliver =  2.3 ±  0.2 kPa, Efat =  2.4 ±  0.5 kPa, 
Espleen =  3.9 ±  0.6 kPa, Elung =  6.5 ±  0.7 kPa and Ekidney =  7.8 ±  0.7 kPa, 
consistent with ex vivo measurements using the same measurement 
system and as separately reported based on conventional indenta-
tion techniques39–41. Here, the error bars correspond to different 
measurement sites and are dominated by intrinsic variability asso-
ciated with the organs themselves.

Measurements on human organ tissues, including cancer-
ous sites. Tests using device 2 on human organ tissues illustrate 
the potential relevance to clinical practice. The samples include 
formalin-fixed healthy lung and adrenal gland as summarized in 
Fig. 4a,b. Comparisons from fresh cirrhotic liver and fresh liver 
tumour (hepatocellular carcinoma (HCC)) are shown in Fig. 4d,e. 
Cirrhotic liver exhibits a modulus ~10 kPa, while the modulus 
of liver tumour is notably higher at ~23 kPa. Tests of pathologi-
cal tissues clearly show that device 2 can distinguish normal from 
diseased areas. Figure 4c,f provides images and modulus measure-
ments of a fresh thyroid tissue and a formalin-fixed kidney tissue, 
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both with tumours. The needle biopsy device is also capable of real-
time measurements of modulus as a function of the penetration 
depth from normal tissue into tumour sites. Supplementary Fig. 20 
demonstrates the measurements as the device traverses from cir-
rhosis liver to a tumour. The results illustrate function on clinically 
relevant organ tissues, with the ability to distinguish normal from 
lesion areas, and to provide guidance in biopsies. The liver serves as 
a model to demonstrate further capabilities in image-guided biopsy 
tissue targeting, as described next.

Needle biopsy of tumour tissues. The evaluation of a variety of 
tumour tissues serves as a demonstration in the context of HCC42, 
which was chosen because concern for HCC is a common reason 
for ordering biopsy procedures43. Specifically, any suspicious liver 
lesion in patients at risk for HCC requires a biopsy for tissue diag-
nosis and strict imaging surveillance to prevent its progression44. 
However, conventional biopsies of liver tissue for HCC have high 
rates of false negatives, and occult lesions < 3 cm are particularly 
difficult to target using ultrasound or computed tomography guid-
ance45; HCC is thus a type of cancer for which improved biopsy 
quality would address an important clinical need.

Although magnetic resonance imaging and MRE can provide 
high-resolution images of the extent of a tumour, such methods 
are impractical for guiding a biopsy needle. Therefore, even though 
computed tomography is inferior to MRE in this context, computed 
tomography is commonly used because of its wide availability, low 
cost and fast modes of image acquisition compatible with use dur-
ing a biopsy. Tests using device 2 demonstrate significant value in 
this context, as the evaluation of recipient livers with HCC yields 
modulus values that quantitatively match those extrapolated from 
MRE (the existing Food and Drug Administration (FDA)-approved 
procedure for the assessment of cirrhosis46). Specifically, MRE mea-
surements of shear modulus (μ)47 relate to the Young’s modulus in 
soft tissues via the relationship E =  3μ (ref. 46).

Figure 5a shows a photograph of an explanted cirrhotic liver with 
HCC. This is also shown by magnetic resonance imaging in Fig. 5b. 
MRE yields a two-dimensional spatial map of the shear modulus 
across a slice of the liver near its centre, as presented in Fig. 5c and 

Supplementary Fig. 21. The application of device 2 yields Young’s 
modulus values for this same tissue sample (Supplementary Fig. 22) 
in non-tumour cirrhotic areas and tumour areas at different loca-
tions to provide at least ten measurements, as shown in Fig. 5d. 
Device 1 yields additional comparison data. The modulus values for 
the cirrhotic liver lie in the range 9–11 kPa (Fig. 5e,f), while those 
of the liver tumour are significantly higher, between 19 and 25 kPa. 
The modulus values in various areas of the cirrhotic liver fall in a 
narrow range, with a standard deviation < 10%. In contrast, the spa-
tial variability of the liver tumour is as high as ~6 kPa, consistent 
with the known variations in the stiffness of tumours, where the 
centre of the tumour is often stiffer than the edge48. The results are 
consistent with the gold standard for mechanical measurements—
MRE—via the relationship E =  3μ, and they are also comparable to 
those in the literature46,47. Collectively, these findings clearly indi-
cate that both types of injectable sensor (devices 1 and 2) can be 
used as a unique tool for tissue pathology studies, such as tumour 
detection, including needle guidance during biopsy procedures.

Outlook
Cancer is a leading cause of death worldwide, and biopsy procedures 
are indispensable for diagnosis, assessing treatment response and—
in an era of personalized medicine—genetic testing to guide therapy. 
Accurate tissue biopsy is therefore critical in the management of 
most cancers. However, centres across the nation and even multi-
centre, pan-cancer clinical trials are unable to reduce failed biopsy 
rates to below 20%49. Current imaging modalities for guiding biop-
sies either do not provide sufficient information or are not suitable 
for widespread clinical implementation. The results presented here 
suggest the potential of the miniaturized modulus-sensing device 
for biopsy guidance on the basis of elastography principles. This 
work demonstrates the feasibility of detection of HCC in liver tis-
sue, for which false negative results following percutaneous biopsy of 
small lesions are common. More broadly, microsystem technologies 
for rapid, high-resolution modulus sensing could find uses across 
many other scenarios of clinical relevance. Future and ongoing work 
focuses on the engineering development of multi-function devices 
that enable the monitoring of temperature and flow rate.
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Fig. 5 | Modulus-based biopsy guidance in cancerous human tissue samples. a, Photograph of a cirrhotic explanted human liver with a tumour.  
b, Magnetic resonance image of the tumour (red circle) within the liver. c, Magnetic resonance electrographs of the cirrhotic liver with tumour, presented 
as a 2D map of the shear modulus in a plane near the centre of the organ. d, Cross-sectional schematic diagram of the sites for measurement using the 
modulus-sensing probes. e,f, Modulus values measured from healthy and cancerous tissues using device 1 (e) and device 2 (f). Error bars correspond to 
calculated standard error deviation for ten measurements.

NATuRe BiOMediCAL eNgiNeeRiNg | VOL 2 | MARCH 2018 | 165–172 | www.nature.com/natbiomedeng170

http://www.nature.com/natbiomedeng


© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

ArticlesNaTUre Biomedical eNgiNeeriNg

Methods
Preparation of membranes of Pb(Zr0.52Ti0.48)O3 (PZT). The fabrication of PZT 
membrane actuators and sensors began with the formation of 500-nm-thick  
films of PZT (MEMS Solution) by sol-gel techniques on oxidized silicon wafers. 
Sensor and actuator components, each with lateral dimensions of 200 μ m ×  140 μ m  
used parallel-plate type capacitor designs with top and bottom electrodes. First, 
electron beam deposition formed a bilayer of Au/Cr (200 nm/10 nm) as the top 
electrode on multilayer stacks of PZT/Pt/Ti/SiO2 (500 nm/200 nm/5 nm/600 nm). 
Photolithography (Photoresist (PR) AZ 5214E; Micro Chemicals) and etching 
(gold: TFA, Transene Company; chrome: OM Group) defined an array of top 
electrodes (150 μ m ×  100 μ m, with a square notch of 50 μ m ×  50 μ m). Additional 
photopatterning (mask of PR hard baked at 150 °C for 5 min) and etching 
(HNO3:buffered hydrogen fluoride:deionized water =  1:1:20) defined PZT  
regions with dimensions of 180 μ m ×  120 μ m (with a rectangle of 50 μ m ×  40 μ m  
notch, for the purpose of bottom electrode connection). A final sequence of 
photopatterning and etching (HCl:HNO3:deionized water =  3:1:4 at 100 °C through 
a hard-baked mask of AZ4620) defined bottom Pt/Ti electrodes with dimensions 
of 200 μ m ×  140 μ m. Next, protecting the PZT with PR (AZ4620) allowed partial 
undercut removal of the underlying SiO2 sacrificial layer by immersion in buffered 
hydrogen fluoride. Removing the PR with acetone enabled patterning of another 
layer of PR as a top surface encapsulation and perimeter anchor to the underlying 
wafer. Immersion in dilute hydrofluoric acid (deionized water:49% hydrofluoric 
acid =  3:1) completely removed the SiO2, thereby preparing the structures  
for transfer printing.

Fabrication of the sensor and actuator systems. A layer of photocurable epoxy 
(SU-8, MicroChem) was photopatterned to serve as a master for moulding 
surface relief onto a slab of PDMS as a stamp for transfer printing. Specifically, 
the photopatterning of a 100-μ m-thick film of SU-8 100 (MicroChem) spin 
cast on a polished silicon wafer defined an array of holes with rectangular cross 
sections (200 μ m ×  140 μ m) to yield a corresponding array of posts on the PDMS 
via drop-casting of a liquid prepolymer mixture (Sylgard 184; Dow Corning, in a 
10:1 ratio of prepolymer to curing agent), placement in a vacuum desiccator for 
1 h to release bubbles, then curing in an oven at 70 °C for 24 h. Peeling the PDMS 
from the mould and placing it against a glass slide yielded a composite structure 
with sufficient dimensional stability to allow for accurate alignment. The process 
for transfer printing followed the scheme depicted in Supplementary Fig. 3, using 
an automated tool with a digital camera and microscope system for visualization. 
For device 1, transfer occurred onto a film of PI (75 μ m; DuPont) coated with 
a thin (1.2 μ m) layer of poly(pyromellitic dianhydride-co-4,4’-oxydianiline) 
amic acid solution baked at 90 °C for 30 s to provide a tacky, adhesive surface. 
The PZT actuator and sensor were transfer printed sequentially. After printing, 
the entire structure was baked at 150 °C on a hot plate for 5 min. The distance 
between the PZT sensor and actuator was 1 mm. Reactive ion etching (RIE; 
March) eliminated the layer of PR from the top surfaces of the devices. Spin 
casting another layer of PI (hard baked at 250 °C in a vacuum oven for 75 min) 
formed a robust encapsulation layer. Openings through the PI, again formed by 
RIE through a pattern of PR, provided access to the metal electrode contracts. 
Electron beam evaporation of Au/Cr (200 nm/10 nm) on a patterned layer of 
PR (AZ2070), followed by immersion in acetone, removed the PR to leave an 
array of metal interconnects. Another patterned layer of PI (1.2 μ m) formed an 
encapsulation layer over these traces. These overcoats of PI not only prevented 
direct physical contact of the device structures with biological tissues, but they 
also provided electrical insulation. The final step involved laser cutting of the PI 
substrate to form needle geometries with widths of 0.5 mm and lengths of 4 mm. 
An anisotropic conductive film served as a cable for electrical connection to an 
external power supply and data acquisition systems. For the ultrathin platforms 
(3 μ m; PI substrate) of device 2, the devices were first dry etched (RIE; March) 
through a patterned layer of PR to form a 1.5 mm ×  4.5 mm area. Retrieval onto 
a sheet of water-soluble tape (polyvinyl alcohol), followed by electron beam 
evaporation of Ti/SiO2 (5 nm/40 nm) on the exposed backside, allowed adhesive 
transfer onto a 50-μ m-thick film of PDMS cast on a layer of PI on a glass slide 
to prevent any wrinkling or folding. Reactions between hydroxyl groups on the 
PDMS and SiO2 surfaces led to strong bonding after baking in an oven at 70 °C  
for 10 min. Immersion in hot water removed the polyvinyl alcohol. Mounting 
devices and PDMS on the biopsy needle used a similar procedure. Finally, the 
edge of the device was sealed by PDMS to ensure good adhesion between the 
device and biopsy needle.

Poling the PZT. Poling involved the application of a static electric field 
(200 kVcm−1) at 150 °C for 2 h to PZT films between the bottom and top contacts of 
Ti/Pt (5 nm/200 nm) and Cr/Au (10 nm/200 nm), respectively.

Device operation and data collection. The devices were implanted into either 
artificial or organ tissues. A waveform generator (Keithley 3390), a digital 
lock-in amplifier (SR830; Stanford Research Systems), digital multimeters 
(ADInstruments) and a laptop computer with a custom programme (LabVIEW, 
National Instruments) enabled the collection of data from the sensors and supply 
of voltage to the actuators.

Preparation of artificial tissue samples. Agarose gel (Sigma) and PDMS provided 
two different types of artificial tissue sample. Agarose gel tissue samples were 
prepared by dissolving powdered agarose in deionized water at 100 °C while 
vigorously stirring for 3 h until the solution became transparent. Solutions 
with different concentrations formed in this way were slowly cooled to room 
temperature, poured into moulds or small vials and then stored in a refrigerator 
overnight. For the case of PDMS, sample preparation began with the mixing of 
various ratios of prepolymer to curing agent, storing in a vacuum desiccator for 
30 min, then pouring into the moulds and curing in an oven at 70 °C for 24 h.

DMA. DMA (Q800 DMA; TA Instruments) yielded Young’s moduli via  
analysis of quasi-static stress–strain curves. The measurements used the DMA  
film tension clamp in ambient conditions at a strain rate of 1% min–1 to a  
maximum value of 10%.

Animal model in vivo and ex vivo tests. The experiments were conducted in 
accordance with the ethical guidelines of the National Institutes of Health and with 
the approval of the Animal Care and Use Committee of Mayo Clinic’s institutional 
review board. For in vivo and ex vivo device validation, an anaesthetized Sprague 
Dawley rat was placed in a supine position over a warming platform. A mid-
abdominal incision was made and the abdominal wall was retracted. Blunt 
dissection was used to expose the abdominal fat, liver, spleen and kidneys. The 
modulus sensor was inserted directly into each organ using a blunt forceps. Once 
the abdominal organ modulus measurements were acquired, a thoracic incision 
was made to insert the sensor into the lung tissue. Following in vivo measurements, 
the rat was euthanized and each organ was removed and transferred to petri dishes 
to obtain ex vivo measurements. The organ removal required less than 3 min and 
the ex vivo test occurred immediately after removal. The total ex vivo measuring 
time was 10 min.

Human organ tissue tests. Following Mayo Clinic’s institutional review board 
approval, we used samples of residual discarded tissue, including fresh and 
formalin-fixed tissue—specifically, the liver, lung, kidney, thyroid gland and 
adrenal gland. Tumour tissue was present in the liver, thyroid and kidney 
specimens. The institutional review board did not require informed consent from 
tissue donors because de-identified residual discarded clinical tissue was used in 
the experiments. The use of magnetic resonance imaging and MRE images of the 
livers was also approved.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. The authors declare that all data supporting the findings of this 
study are available within the paper and its Supplementary Information.
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Figure S1. Schematic illustration of procedures for fabricating PZT membrane inks on a SiO2/Si 

wafer. a. Schematic diagram of cross section view for a PZT wafer with structure 

Au/Cr/PZT/Pt/Ti/SiO2/Si. b. The capacitor structure PZT membranes were patterned and defined by 

photolithography technique. c. Partial under cut etching of SiO2 sacrificial layer by buffered oxide 

etchant. d. Final PZT membrane inks formed by fully under cut etching of SiO2 sacrificial layer 

with dilute HF solution. 

Figure S2. Optical images of PZT membrane inks. a. PZT membrane inks array. b. Zoom in view of 

a PZT membrane. 

Figure S3. Representation of transfer printing PZT membranes using a stamp with a post, showing 

individual process steps. a. Translation and Alignment to PZT membranes donor wafer. b. Selective 

engagement with one PZT membrane. c. a PZT membrane retrieval from donor wafer and contact to 

transfer onto polyimide (PI) acceptor substrate. d. e. Repeat cycles of steps a to c, zoom in view 

shows the two PZTs which will act as the sensor and actuator. 

Figure S4. Schematic illustration of sensors/actuators encapsulation and electrodes formation 

process. a. a PZT membrane on polyimide (PI) substrate. b. First encapsulation PI layer spun and 

cured on top of the PZT membrane, then patterned using photo resist (PR). c. Opening to holes for 

cathode and anode connection by dry etching. d. Patterning PI for metallic interconnection wire 

deposition. e. Cr(10 nm)/Au(200 nm) interconnection wire deposition by E=-beam onto the PR and 

then remove additional PR by lift off technique. f. Final PI encapsulation layer deposited onto the 

devices to prevent influence of liquid during test.  

Figure S5. Modulus probe design and images. a. Design of 6 modulus probes array for laser cut. b. 

Photograph of modulus probe devices done by laser cut. c. SEM image of a modulus probe device. 

d, e. Zoom in view of the modulus probe device, shown sensor area (c), and actuator area (d). 

Figure S6. Photography of modulus sensor devices. a. Free standing polyimide (PI) supporting layer 

based device. b. Biopsy needle based device. 

Figure S7. a. The nonlinear single-variable function G in the scaling law, determined by FEA. b. 

Simulation result of Vsensor/Vactuator as a function of modulus. 

Figure S8.  Validation of the scaling law. a. validate that the function G depends only on a single 

combination of parameters, (𝐸Tissue𝑑3)/(𝐸PIℎPI
3 ). b. Validate the linear proportionality between the 

sensor voltage and (𝐴PZT
 ℎPZT)/(𝐸PIℎPI𝑑

2). 

Figure S9. Prediction of the critical tissue modulus by the scaling law (black solid lines) and the 

FEA based on the geometrical dimensions of the device in the main text (red dots). a. Influence of 

the needle substrate modulus. b. Influence of the needle substrate thickness. c. Influence of spacing 

between the actuator and the sensor. 

Figure S10. FEA prediction of the output voltage as a function of the tissue modulus for a small 

sample (size 1.0 mm × 1.0 mm × 1.5 mm)   
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Figure S11. Tension stress-strain plots of artificial agarose gel in quasi-static strain rate regimes, 

with different modulus values.  

Figure S12.  Experimental and theoretical analysis of the free standing device operation. Voltage 

output of sensor as a function of actuator voltage, measured on ten different agarose gels with 

known moduli, separately evaluated by quasi-static dynamical mechanical analysis shown in Figure 

S11. Here, the symbols and lines correspond to experimental (E) and theoretical (T) results, 

respectively. Error bars correspond to calculated standard error deviation. 

Figure S13. The mechanism of deformation for the modulus sensors integrated on a biopsy needle. 

The red arrows indicate that the deformation induced by the actuator is transferred to the sensor 

mainly via the deformation of the tissue and also the PDMS below the PI substrate. 

Figure S14. Theoretical analysis of biopsy needle based modulus sensor devices. a. Influence of the 

PDMS modulus on the sensor voltage. b. Influence of the PDMS thickness on the sensor voltage. 

Figure S15. Theoretical analysis of Vsensor as a function of modulus, with actuator voltage of 5V. 

Figure S16. Experimental analysis and modulus measurements of multilayer artificial tissues. a. 

Modulus measurement on a multilayer sample, with three different modulus of 18, 33, and 80 kPa. 

b. Sensor voltage and modulus values at an actuation voltage of 5V, as a function of inject depth of 

the multilayer sample. 

Figure S17. Modulus measurements modulus as function of time for 60 minutes. a. Measured on 

artificial agarose gel tissues with different modulus values. b. Measured on big tissues, including 

liver, fat, kidney, and muscle. 

Figure S18. Illustration of surgical procedures for modulus measurement on the rat.  

Figure S19. Ex-vivo measurement of organ tissues of the rat. Device insert and measure on liver, a, 

lung b, spleen c, fat d, and kidney e.  

Figure S20. Real-time modulus measurement by a biopsy needle device. The device traverse from 

cirrhosis liver to tumor. Error bars correspond to calculated standard error deviation. 

Figure S21. Images of a cirrhotic liver with hepatocellular carcinoma. a. Measured by Magnetic 

resonance image (MRI). b. Measured by Magnetic resonance electrography (MRE), shown stiffness 

mapping of the whole cross section of the patient. 

Figure S22. Image-guided modulus test. a,b, Photographs of a free standing device (device 1) 

injected into the non-tumor area of liver (a), and tumor (b). c,d, Photographs of a biopsy needle 

device (device 2) injected into the non-tumor area of liver (c), and tumor (d). 
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Supplementary Note 1: Finite element analysis (FEA) method and condition  

FEA was conducted using the commercial software ABAQUS (version 6.14, Standard). The 

end of the needle outside the tissue was fixed to constrain the rigid body motion. Since the 

deformation was very small (strain <0.1 %), linear coupled mechanical-electric analysis was used to 

obtain the deformation and sensor voltage. The actuator and sensor were modelled by the linear 

piezoelectric material, and the tissue, PI and metals were modelled by the linear elastic material. 

The number of mesh in the model was ~106, with refinement around the region with the actuator 

and the sensor such that the minimum mesh size was 1/10 of the actuator/sensor size. The mesh 

convergence of the simulation was guaranteed for all cases. 

3D solid elements are used to model the tissue and 3D shell elements are used to model the 

needle substrate, the actuator, the sensor and the electrode (Ti, Pt, Cr and Cu), with Figure S5 

showing the layout. The needle is perfectly bonded to the tissue without relative slipping in FEA.  

The material parameters are EPI=2.5 GPa, νPI=0.34, ETi=110 GPa, νTi=0.32, EPt=168 GPa, 

νPt=0.38, ECr=279 GPa, νCr=0.21, ECr=117 GPa, νCu=0.36.  The constitutive model for PZT is  
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where 
ij , 

ij , iE  and iD are the stress, strain, electrical filed and electrical displacement 

respectively. The elastic parameters are C11=110 GPa, C12=63 GPa, C13=64 GPa, C33=100 GPa, 

C44=20 GPa and C66=(C11 -C12)/2. The piezoelectric parameters are e31=−9.6 N /(V•m), e33=15.1 N 

/(V•m), and e15=12.0 N /(V•m). The dielectric parameters are k33 =852 0 , where 0  is the vacuum 

permittivity.  
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Supplementary Note 2: FEA validation of the scaling law 

The scaling law Eq. (1) in the main text is validated by FEA for ℎPZT ≪  ℎPI  ≪ 𝑤PI, 𝐿PI, and  

ℎPZT  ≪  𝐿PZT,  𝑤PZT ≪ d ≪  𝑤PI, 𝐿PI.  First, the function G is validated to depend only on a single 

combination of parameters, (𝐸Tissue𝑑3)/(𝐸PIℎPI
3 ).  Among four parameters 𝐸Tissue, d,  𝐸PI and ℎPI, 

one changes while the other three are fixed.  The sensor voltage obtained by FEA then gives G, 

which is shown by the G~(𝐸Tissue𝑑3)/(𝐸PIℎPI
3 ) plot in Figure S2a.  It is clear that all data points 

fall on the same curve, confirming that G depends only on G~(𝐸Tissue𝑑3)/(𝐸PIℎPI
3 ).  

The linear proportionality between the sensor voltage and (𝐴PZTℎPZT)/(𝐸PIℎPI𝑑
2) is verified 

next.  With G fixed, among five parameters d,  𝐸PI, ℎPI, 𝐴PZT and ℎPZT, one changes while the other 

four are fixed.  All data points obtained by FEA fall on the straight line in Figure S2b, confirming 

that the sensor voltage is linearly proportional to (𝐴PZT
 ℎPZT)/(𝐸PIℎPI𝑑

2). 



Figure S1. Schematic illustration of procedures for fabricating PZT membrane inks on a 

SiO2/Si wafer. a. Schematic diagram of cross section view for a PZT wafer with structure 

Au/Cr/PZT/Pt/Ti/SiO2/Si. b. The capacitor structure PZT membranes were patterned and defined 

by photolithography technique. c. Partial under cut etching of SiO2 sacrificial layer by buffered 

oxide etchant. d. Final PZT membrane inks formed by fully under cut etching of SiO2 sacrificial 

layer with dilute HF solution.
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Figure S2. Optical images of PZT membrane inks. a. PZT membrane inks array. b. Zoom in 

view of a PZT membrane
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Figure S3. Representation of transfer printing PZT membranes using a stamp with a post,

showing individual process steps. a. Translation and Alignment to PZT membranes donor

wafer. b. Selective engagement with one PZT membrane. c. a PZT membrane retrieval from

donor wafer and contact to transfer onto polyimide (PI) acceptor substrate. d. e. Repeat cycles of

steps a to c, zoom in view shows the two PZTs which will act as the sensor and actuator.
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Figure S4. Schematic illustration of sensors/actuators encapsulation and electrodes 

formation process. a. a PZT membrane on polyimide (PI) substrate. b. First encapsulation PI 

layer spun and cured on top of the PZT membrane, then patterned using photo resist (PR). c. 

Opening to holes for cathode and anode connection by dry etching. d. Patterning PI for metallic 

interconnection wire deposition. e. Cr(10 nm)/Au(200 nm) interconnection wire deposition by 

E=-beam onto the PR and then remove additional PR by lift off technique. f. Final PI 

encapsulation layer deposited onto the devices to prevent influence of liquid during test. 
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Figure S5. Modulus probe. a. Design of 6 modulus probes array for laser cut. b. Photograph of 

modulus probe devices done by laser cut. c. SEM image of a modulus probe device. d, e. Zoom 

in view of the modulus probe device, shown sensor area (c), and actuator area (d).
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Figure S6. Photography of modulus sensor devices. a. Free standing polyimide (PI) 

supporting layer based device. b. Biopsy needle based device.



Figure S7. a. The nonlinear single-variable function G in the scaling law, determined by FEA. b.

Simulation result of Vsensor/Vactuator as a function of modulus
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Figure S8. Validation of the scaling law. a. validate that the function G depends only on a

single combination of parameters, (𝐸Tissue𝑑
3)/(𝐸PIℎPI

3 ). b. Validate the linear proportionality

between the sensor voltage and (𝐴PZTℎPZT)/(𝐸PIℎPI𝑑
2).
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Figure S9. Prediction of the critical tissue modulus by the scaling law (black solid lines)

and the FEA based on the geometrical dimensions of the device in the main text (red dots).

a. influence of the needle substrate modulus. b. influence of the needle substrate thickness. c.

influence of spacing between the actuator and the sensor.
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Figure S10. FEA prediction of the output voltage as a function of the tissue modulus for a

small sample (size 1.0 mm× 1.0 mm× 1.5 mm)
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Figure S11. Tension stress-strain plots of artificial agarose gel in quasi-static strain rate 

regimes, with different modulus values. 
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Figure S12. Experimental and theoretical analysis of the device operation. Voltage output

of sensor as a function of actuator voltage, measured on ten different agarose gels with known

moduli, separately evaluated by quasi-static dynamical mechanical analysis shown in Figure

S10. Here, the symbols and lines correspond to experimental (E) and theoretical (T) results,

respectively. Error bars correspond to calculated standard error deviation.



Figure S13. The mechanism of deformation for the modulus sensors integrated on a biopsy

needle. The red arrows indicate that the deformation induced by the actuator is transferred to the

sensor mainly via the deformation of the tissue and also the PDMS below the PI substrate
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Figure S14. Theoretical analysis of biopsy needle based modulus sensor devices. a. Influence

of the PDMS modulus on the sensor voltage. b. Influence of the PDMS thickness on the sensor

voltage.
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Figure S15. Theoretical analysis of Vsensor as a function of modulus, with actuator voltage of 5V
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Figure S16. Experimental analysis and modulus measurements of multilayer artificial

tissues. a. Modulus measurement on a multilayer sample, with three different modulus of 18, 33,

and 80 kPa. b. Sensor voltage and modulus values at an actuation voltage of 5V, as a function of

inject depth of the multilayer sample.
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Figure S17. Modulus measurements modulus as function of time for 60 minutes. a.

Measured on artificial agarose gel tissues with different modulus values. b. Measured on big

tissues, including liver, fat, kidney, and muscle.



Figure S18. Illustration of surgical procedures for modulus measurement on the rat. 
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Figure S19. Ex-vivo measurement of organ tissues of the rat. Device insert and measure on

liver, a, lung b, spleen c, fat d, and kidney e.



Figure S20. Real-time modulus measurement by a biopsy needle device. The device traverse

from cirrhosis liver to tumor.
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Figure S21. Images of a cirrhotic liver with hepatocellular carcinoma. a. Measured by

Magnetic resonance image (MRI). b. Measured by Magnetic resonance electrography (MRE),

shown stiffness mapping of the whole cross section of the patient.



Figure S22. Image-guided modulus test. a,b, Photographs of a free standing device (device 1)

injected into the non-tumor area of liver (a), and tumor (b). c,d, Photographs of a biopsy needle

device (device 2) injected into the non-tumor area of liver (c), and tumor (d).
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