
 

Abstract—There is an increasing demand on computerized 
surgical instrumentation and implants that can acquire intra-
operative or in-vivo data for surgeons and engineers. The 
sensory system is gaining complexity in order to obtain more 
accurate measurements. Although many off-the-shelf 
components and chips exist, multiple components are often 
required to achieve the desired function. Since space is limited 
in biomedical applications, application specific highly 
compacted integrated circuits are preferable. In this study, a 
chip is designed to process an array of microcantilever readout 
used in an intra-operative soft-tissue balancing instrument.

Index Terms – Biotelemetry, data acquisition, wireless 
sensors, ASIC, MEMS sensors 

I. INTRODUCTION

espite the rapid development of in vivo telemetry 
sensors in the biological and physiological areas [1]-

[4], only a small number of these systems have been 
designed for orthopedic applications. In order to obtain 
accurate and sophisticated measurements, a microcontroller 
(MCU) based architecture where data acquisition and signal 
processing are required prior to transmission, is necessary.   

The early published research on using sensors and 
biotelemetry in orthopedics focused on obtaining in vivo
data from Total Hip Arthoplasty (THA) patients [5]. 
Bergmann embedded strain gages into the neck of the 
femoral component of hip prostheses to measure strain of the 
patients postoperatively.  The instrument is powered by 
inductive coil. The data are sent using a radio frequency 
(RF) system embedded in the femoral component [6,7]. 

D’Lima et al. separated a tibial prosthesis into upper and 
lower halves, with the upper portion acting as a load cell [8]. 
Four supports connect the upper and the lower halves with 
four strain gages sandwiched at their respective supports. 
The electronics and the telemetry components are embedded 
into the stem of the prosthesis [8]. This system is inductively 
powered using a coil worn around the leg of the subject and 
the data was collected via a wireless RF system.   

In addition to instrumented implants, researchers have 
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investigated the use of sensor systems to obtain quantitative 
feedback intra-operatively by monitoring the compartment 
pressure. In 1998, Wallace et al. used Tekscan K-scan sensor 
to assess the tibiofemoral intra-operative contact stresses [9]. 
Wasielewski et al. used a pressure mapping system from 
Novel and attached it to the proximal surface of the tibial 
trial component with silicone adhesive. It was used intra-
operatively for soft tissue balancing [9]. Crottet et al. 
developed a force sensing device for ligaments balancing.  It 
consists of a sensitive plate on each femoral condyle and a 
tibial base plate. Each plate has 3 deformable bridges with 
thick-film piezoresistive strain gages. The instrument was 
tested by a surgeon in a cadaver experiment [10].     

The limited space of the implant or instrument posted 
restrictions on the system design. The number of sensors is 
also limited. Increasing the amount of sensors complicates 
the data acquisition, results in excessive wiring, and causes 
difficulties with the implementation of the telemetry system. 

The progression to microelectromechanical systems 
(MEMS) can potentially solve these limitations. The 
minimization of the sensing units allows more sensors to be 
packaged; and the redundant information can be acquired to 
minimize errors.  

Initially, strain-sensing MEMS devices were used to 
measure residual stress during fabrication and packaging 
[11].  There is a growing interest in tactile sensing MEMS 
arrays, which are used for grasp force control, and artificial 
skin for robots [12,13].  Xu et al. have fabricated a flexible 
tactile sensor that can be wrapped around a cylindrical robot 
finger [14]. MEMS sensors are usually embedded inside a 
composite, which can act as a stress shielding material and 
change the boundary conditions of the system. The inherent 
nonlinearity and residual stress from the MEMS devices, the 
percentage variation of the elements in the composite, and 
the method used to form the composite are also factors that 
can affect the sensor performance. 

Electronics are necessary to acquire and condition the data 
from the MEMS are a crucial component to a successful 
sensing system. Most of the ligaments balancing systems 
described above utilize multiple surface-mounted off-the-
shelf components. However, only a few functions within the 
component are needed and the working space for biomedical 
application is limited. It is desirable to have one IC with all 
the necessary functions. The goal of this study is to develop 
an Application Specified Integrated Circuit (ASIC) to 
acquire data from an array of sensors, and prepare the data 
for the transmitter (TX).  
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Fig. 1  System architecture 

II. METHODS

A. Hardware Overview 

An initial prototype of the system was designed to identify 
the building blocks (Fig. 1). Piezo-resistive microcantilever 
is chosen as the strain sensor. In order to obtain information 
from each sensor, an analog multiplexer (MUX) is applied 
between the readout and the signal conditioning circuit. A 
power regulator is used to reduce DC power noise and 
regulate the voltage to 3.3 V.  The MCU is the main control 
center of the electronics system. The signals from the MUX 
are conditioned by a low pass filter and amplifier. It is then 
converted to digital signal through analog-to-digital 
converter (ADC) and modulated at the TX before 
transmission. A receiver (RX) acquires the transmitted 
signal, demodulates and reconstructs it into a compartment 
pressure profile.  

B. Components Testing 

 A scaled-up prototype of the system was built with off-
the-shelf components. Printed circuit boards (PCB) were 
made to test the different building blocks above. Micro-
cantilevers were purchased from Nascatec (Munich, 
Germany). The bridge circuit was built onto the 
microcantilever during fabrication. The microcantilevers 
were mounted and wirebonded onto the pads of the PCB. 
The pads were connected to a dual 16-channel-to-1 analog 
MUX (ADG726, Analog Devices). An ultra low-power 
16bit MCU (MSP430, Texas Instrument) is used to test the 
features necessary for the ASIC design.  

A crystal referenced phase lock loop (PLL) transmitter 
(MAX1472, Maxim-IC) modulates the incoming signal with 
Amplitude Shift Keying (ASK) and transmits the data at 
433.92MHz with a data rate of 100kbps. The RX 
(MAX1473, Maxim-IC) is used in detect, receive and 
demodulate the transmitted signal.  

The TX and RX were tested by submitting digital data 
from UART to the TX. The TX and RX were placed 2 
meters apart and the transmitted and received signals were 
compared. The sensitivity and bit error rate were also 
assessed, which are -115.6 dBm and 0.2% respectively. The 
specification of the system is shown in Table 1. 

Table 1  System specification  
Analog input channels 16 
A/D Converter input range 0.5 - 3V 
A/D Converter resolution 8bit 
Linear range of microcantilever 0 -  ~3MPa (w/ ~ 1mm thick of 

EP30MED) 
Power supply 3.3V (5V with power regulator) 
Carrier frequency 433.92MHz 
Transmission power Adjustable up to 10mW 
Data Rate 100kbps max. 
Range Up to 10m 
Modulation ASK 
Output method RS232C 
Error checking Parity bit evaluation 
Interface between receiver & PC GPIB, Serial 

C. ASIC Design 
Based on test results from the PCB prototype, the 

following functions were included in the ASIC: signal 
detection, conditioning, amplification, MUX, and ADC. 
Typically, the instrument is used for 10 – 15 minutes during 
surgery. Therefore, the ASIC was designed to use battery 
power (CR2032, Panasonic). The schematic of the IC design 
is shown in Fig. 2.  

Fig. 2  Schematic of the ASIC design 

The MUX was incorporated into the design of the ASIC. 
The gain of the amplifier is adjustable using an off-chip 
resistor. A low pass filter is designed according to the 
Sallen-Key topology. An instrumental amplifier is used to
amplify the signal. A sample and hold (S&H) circuit is used 
to store the analog value output from the amplifier for a 
short period of time while the ADC is converting the signal. 
An 8-bit Successive Approximation Register (SAR) ADC 
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was implemented because it has good resolutions and a wide 
range. A high-resolution comparator was designed for this 
application. It should have the ability to distinguish the 
minimum triggering signal with common mode voltage 
changing from 100 mV to 2 V.  The sampling rate of the 
ADC is dependent on the oscillator. There are 256 
quantization levels with a precision of 7.4mV. A comma 
generation circuit was also implemented into the IC. This is 
important for the RX since it needs to identify the beginning 
of the data string.  

The chip was designed with Cadence software package 
(San Jose, CA). It was fabricated through MOSIS using 
TSMC 0.35 μm CMOS technologies, and is packaged in 
TQFP package. The design was simulated to ensure proper 
chip function. The ADC was tested by simulating the 
conversion of a sine wave by the SAR circuit. Fig. 3 shows 
the result of the simulation. It takes less than eight clock 
cycles to arrive at the hold signal.  

Fig. 3  SAR ADC simulation 

III. RESULTS

A PCB was designed to test the fabricated ASIC, shown 
in Fig. 4. Four chips were tested with two using a 32.768 
kHz oscillator and two using a 1.544 MHz oscillator. The 
clock network output (sample and hold, shift register, and 
transmitter) performs well. The frequencies of 5 bits 
addressing signals of the MUX are 42.89 kHz, 21.44 kHz, 
10.72 kHz, 5.36 kHz and 2.36 kHz. The amplifier 
performance was also measured. The open loop gain of the 
amplifier is ~60 dB. It has a unity gain bandwidth greater 
than 2.4 MHz and the phase margin is approximately 45o.
The sample and hold circuit, which is critical to the 
performance of the ADC, was tested with input ranging from 
200 mV to 2.4 V for a 3.3 V power supply. It also performs 
well, as shown in Fig. 5. 

Fig. 4  ASIC (Left), Testing board for the fabricated chip (Right) 

Fig. 5  S&H of a 10kHz Sine wave (Black: input signal ; Gray: signal after 
 sample and hold) 

The performance of the ADC on the chip was also 
measured. Fig. 6 shows a linear relationship between the 
analog voltage and its corresponding digital output. The 
black line indicates the ideal transfer function and the white 
line represents the collected data. There is a sudden jump at 
700 mV due to a complete switch of the digital signal (from 
01111111 to 10000000). The DNL and INL of the ADC 
were tested. The result is mostly linear except for the point 
where the complete switch of the signal occurs, as indicated 
by the high spike in the DNL and the jump in the INL (Fig. 
7). The conversion of the sine wave is shown in figure 8.  

ADC performance 
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Fig. 7  Measured DNL and INL of the ADC 
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Fig.8  ADC of 5kHz sine wave (Gray: input signal; Black: SARADC) 

IV. DISCUSSION

In order to satisfy the need to acquire more information 
with limited working space, eliminating unwanted 
components and extracting necessary building blocks for the 
system is necessary.  ASIC allows us to compact these 
functions into one single chip. Hence, it becomes possible to 
use more sensors in the system. The ADC is the most 
important and difficult design in this ASIC, but the 
fabricated chip shows excellent results. Moreover, all the 
building blocks perform according to the specification. 
Currently the chip supports 16 input channels. Thus, one 
chip is needed for each side of the femoral condyle. The 
output signal can be time division modulated, or it can 
potentially use two frequencies for transmission. 

V. CONCLUSION

The ultimate goal for this research is to develop a spacer 
block that can provide quantitative feedback to a surgeon 
concerning the balancing of the soft tissue during total knee 
arthoplasty. The entire system will be encapsulated within a 
FDA-approved bio-compatible epoxy material. Due to the 
unknown factor of the composite stress shielding, the 
microcantilever is currently being optimized. Future iteration 
of the chip will integrate the transmitter into the system.  
The design and layout of the chip is being optimized to 
minimize the analog, RF and digital noise.   

Even though the microcantilever is ideal for measuring 
axial stress, it is not suitable for implantable use.  Implants 
experience stresses from all directions. It could possibly 
wear out the protective layer and expose the sensor, and 
silicon is a potentially hazardous material to the human 
body.  A capacitive MEMS device that is capable of 
measuring all three axial and shear forces fabricated with 
bio-compatible material is being investigated. The 
technology used in this study can be extended into the 
design of an ASIC for the multi-directional sensors.  
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