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The two boxes in “MR” models are connected with factory supplied cables.  Two of each type of cable are supplied, along with interconnection filter.  Consult 
section ‘Control Unit / Pump Unit Interconnection’ for information on porting through bulkhead. 
�
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It should be stressed this approach may require the addition of shielded “Zipper” tubing cut to the “same” length as Access Port and the Control unit.  This 
cable distance (and shielded zipper tubing) between the Access Port and the Control unit should be kept to a minimum and the shielded zipper tubing needs to 
be grounded to both the Access Port and the Control unit (chassis ground terminal) with short clip leads.  This is important for minimizing or eliminating 
antenna effect that might result from introducing the shielded cables through the Access Port (waveguide). 

(�)�)�  ����	������	�������,�	����
If noise continues to be a significant problem after attempting the above options then position the entire system (both Control unit and Pump unit) outside the 
magnet room.  Obtain the required amount of hosing to connect to the test object (phantom) you intend on using.  Feed the hosing (approximately 10m, 
depending on distance to the test object) through the Access Port (waveguide) and connect the hosing to the Pump unit. 
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Abstract -A computer-controlled pump for use both in the study of vascular haemodynamics and in the 

calibration of clinical devices which measure blood flow is designed. The novel design of this pump 
incorporates two rack-mounted pistons, driven into opposing cylinders by a micro-stepping motor. This 

approach allows the production of nearly uninterrupted steady flow, as well as a variety of pulsatile wave-
forms, including waveforms with reverse flow. The capabilities of this pump to produce steady flow from 0.1 
to 60ml s-1, as well as sinusoidal flow and physiological flow, such as that found in the common femoral and 

common carotid arteries are demonstrated. Cycle-to-cycle reproducibility is very good, with an average 
variation of 0.1 ml s-1 over thousands of cycles. 

Keywords -Computer control, Doppler ultrasound, Flow simulation, Magnetic resonance, Physiological flow, 
Pulsatile pump 

Med. & Biol. Eng. & Comput., 1991, 29, 565--570 
 



��������		
����
�	�	��������
�	�����������	�	������ ���	��������	����	 	 	 	 	 	 �	��
���	����	

�

�����������	���
THE ABILITY  to reproduce realistic arterial flow waveforms in vitro is essential 
in the study of vascular haemodynamics. Simulated pulsatile flow has been 
used extensively in previous investigations of flow in arterial models with 
bifurcations and stenoses. Many different techniques have been used to 
measure flow in these models, including laser Doppler anemometry (KU and 
GIDDENS, 1987), Doppler ultrasound (CHO et al., 1983; FEI et al., 1988), 
magnetic resonance (EVANS et al., 1987) and digital radiography 
(CUNNINGHAM et al., 1989). Physiological pulsatile flow waveforms are also 
required to investigate the role of pulsatility in tissue perfusion (TRANMER et 
al., 1986). Finally, the ability to mimic arterial flow is essential for quality 
assurance and calibration of all clinical techniques of blood flow 
measurement, such as Doppler ultrasound (MCDICKEN, 1986; SHORTLAND and 
COCHRANE, 1989). 
 

 
 
Fig. 1  Schematic diagram of the pulsatile flow simulator 
 
In all these cases the requirements of the flow source are quite demanding. 
The desired volume flow waveform must be generated both accurately and 
reproducibly. Most techniques for the investigation of time-varying flow require 
gated acquisition of many cardiac cycles, so cycle-to-cycle variability in the 
flow waveform must be small. Long-term stability is equally important for 
quality assurance applications where the flow source may be used for 
absolute calibration of clinical instruments. The pump must be capable of 

producing a wide range of flow rates to simulate flow in the peripheral 
vasculature, where peak flow rates of 30 ml s-1 are reported (MARQUIS et al., 
1986). It must be easily programmed to produce a variety of pulsatile 
waveforms, including waveforms with flow reversal. The pump must be 
capable of producing continuous steady flow. which is required as the basis 
for many experimental investigations and calibration procedures. It is 
essential that the pumping mechanism does not produce gas bubbles or 
cavitation because bubbles will change the hydrodynamic properties of the 
fluid and their presence will produce measurement artefacts, particularly with 
ultrasound instrumentation. Finally, a device to simulate physiological floe 
should operate as an ideal flow source, capable of generating sufficient 
pressure to be unaffected by changes in the peripheral resistance of the 
model under investigation. 
Many different pumps have been proposed to meet these requirements and 
LAW et al. (1987) provide a thorough review of previous work. Briefly, previous 
devices can be categorised according to their basic pump type; gear, 
peristaltic or piston. Gear pumps have been used (ISSARTIER et al., 1978; 
PETERSEN, 1984; MCDICKEN, 1986; HOSKINS et al., 1989) to generate pulsatile 
waveforms. However, the drawbacks of this approach include damage to 
suspended particles and sensitivity to cavitation due to the action of the gears. 
Modified peristaltic pumps have been used (DOUVILLE et al., 1983; LAW et al., 
1987) to simulate physiological flow waveforms by mechanical manipulation of 
the backplate or computer control of the roller. This approach allows the 
production of only a limited subset of waveforms and is not well suited to the 
production of steady flow. It is also difficult to program new waveforms, or 
produce reverse flow with this technique. Cam-driven piston pumps have 
been used (KIYOSE et al., 1977; ARPUGLIESE et al., 1980; POOTS et al., 1986) 
to simulate peripheral arterial flow. This class of pumps shares the general 
disadvantage of difficulty in programming new waveforms and difficulty in 
producing steady flow. All of the flow simulators described here have one 
other significant disadvantage, namely that some form of flow monitoring must 
be performed to provide feedback and determine the output waveform. 
A promising variation of flow simulator reported by WERNECK et al. (1984) 
makes use of a servo-motor driven piston pump which acts as an ideal flow 
source. This approach overcomes many of the limitations of previous designs, 
but is not well suited to the production of uninterrupted constant flow. We 
have developed a variation of this design which allows the production of 
physiological blood flow waveforms, including reverse flow, as well as steady 
flow for indefinite periods of time. 
��������������	
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A schematic diagram of our pump is shown in Fig. 1. Two rack-mounted 
pistons are driven in horizontally-opposed lucite cylinders (internal diameter 
2.5 cm) by a computer-controlled micro-stepping motor (Compumotor 
Corporation, Cupertino, CA). The motor produces 0.5 Nm torque at rotational 
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speeds of up to 8 rev s-1. The motor controller divides each shaft rotation into 
25 000 discrete microsteps. Gearing between the motor and rack is chosen so 
that one motor microstep results in the displacement of 0.510 µl from the 
pump cylinder. In the present design, each cylinder has a usable stroke 
volume of 180 ml, although larger or smaller volumes are possible with a 
minimal design change. A four-way spool valve (Mark 7, Numatics, Highland, 
MI) is used to interchange the outlet and inlet paths when the piston reaches 
the end of its journey. This valve logic allows the pump to refill one cylinder 
while forcing fluid from the other, providing nearly 100 per cent duty cycle. An 
active control valve is used, rather than passive check valves, so that reverse 
flow can be easily produced. 
The pump is controlled by a PC/AT-based motor controller (Model PC-23, 
Compumotor Corporation, Cupertino CA) with an on-board 68008 
microprocessor. Control of the pump flow rate is achieved through the known 
relationship between the angular displacement of the motor shaft and the 
volume displaced from the pump, i.e. 0.510µl per microstep. To program a 
new flow waveform, the flow rate as a function of time must first be digitised 
and interpolated to a known temporal interval. The motor controller produces 
the shaft rotation which ejects the appropriate volume of fluid in each time 
interval. The controller architecture allows us to choose this interval to be 
between 2 and 60 ms. For the present study we have chosen a 10 ms time 
interval. Once loaded with the waveform data, the motor controller can repeat 
the complete waveform a preset number of times without further instructions 
from the host computer. Valid waveforms are limited by the available torque of 
the stepper motor and the usable cylinder volume. The controller also 
produces the required control signals for the spool valve and generates a TTL 
logic pulse once each cardiac cycle, allowing gated data acquisition. 
�����������
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To evaluate the performance of our pump we have used a simple test system, 
consisting of a 20 cm length of 6.7 mm diameter polyester tubing connected 
between outlet and reservoir, with an in-line electromagnetic (EM) flowmeter 
probe (Model 322, Carolina Medical Electronics Inc., King NC) providing flow 
measurement. To investigate the effect of tube type and compliance on the 
output waveform, some measurements were obtained with 2 m lengths of 
braided polyester, latex or copper tubes in line with the EM flowmeter. The 
flowmeter response drops to -6dB at 50 Hz. To avoid aliasing we have 
digitised the output signal from the flowmeter at 410 Hz using a 12 bit 
analogue-to-digital convertor. 
To verify the flowmeter calibration and to measure the steady flow output of 
the pump, we used timed collection in a volumetric flask with flow rates 
ranging from 0.1 to 60 ml s-1. The pump was also used to produce waveforms 
for measurement by Doppler ultrasound because this technique is sensitive to 
the presence of gas bubbles and cap station. For this measurement, a 10cm 

length of 6.7mm diameter latex tube was incorporated into our test system. A 
clinical Doppler ultrasound machine (Model DRF 400, Diasonics Inc., Milpitas, 
CA) with a 4.5 MHz pulsed Doppler probe was used to collect, display and 
analyse the flow waveforms produced in the latex tubing. 
For all measurements we have used a mixture of glycerol and water as the 
working fluid. In appropriate proportions (four parts glycerol to five parts 
water) the viscosity of this mixture approximates that of blood (MCDICKEN, 
1986). The salinity of the fluid was adjusted to normal physiological levels (0.9 
per cent by weight) to ensure proper functioning of the electromagnetic 
flowmeter. To provide an adequate ultrasound signal we added 
microcrystalline cellulose particles (5 gm l-1) with an average diameter of 
20µm (type 20 Sigmacell, Sigma Chemical Co., St. Louis, MO). 
 
�������������
We first evaluated the performance of our pump in producing steady flow. Fig. 
2 shows the results of our measurements using timed collection in a 
volumetric flask, comparing the observed flow rate with the programmed flow 
rate. Fig. 2a shows the high degree of correspondence between these 
quantities, with linear regression of the data yielding a slope of 1.003 and an 
intercept of 0.022 ml s-1.  Fig. 2b shows the residual errors obtained by 
subtracting the linear regression flow rates from the programmed flow rate. It 
is apparent that at low flow rates the error is negligible and at a flow rate of 
60ml s-1 the error is maximum and is less than 250 µl s-1.  The pump is unable 
to produce flow rates greater than 60 ml s-1 because the drive motor has 
insufficient torque at high rotation rates, and at flow rates less than 0.1 ml s-1 
mechanical resonances add unwanted perturbations to the output waveform. 
Although Fig. 2 indicates that the average volume flow from the pump is quite 
accurate, it is also necessary to characterise the steady flow output for short-
term, cyclic variations. Therefore, to perform this analysis we have digitised 
10 s of flowmeter data, collected while the pump was producing 10 ml s-1 
steady flow. These data were then Fourier transformed, and the resulting 
power spectrum is shown in Fig. 3. 
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Fig. 2  Measurement of linearity and accuracy of steady flow produced by the 

pump.  The error bars in (a) are smaller than the plotted points, and the 
solid line is the result of linear regression.  (b) shows the residual error 
in flow rate when the line of best fit is subtracted from the measured 
flow rate. 

 
 
 
 
 
 

 
 
Fig. 3  Power spectrum of 10 s of digitised flowmeter measurements, obtained 

with the pump programmed to produce 10 ml s-1 steady flow.  Discrete 
frequency interval in this plot is 0.1 Hz.  The inset shows the data 
between 0 and 1 Hz, plotted on an expanded scale to illustrate the drop 
in power between zero frequency and 0.1 Hz 

 
One other concern about the production of steady flow is the disruption 
of flow which occurs each time the piston reaches the end of a cylinder. 
This is a result of the abrupt reversal of piston direction coupled with a 
valve switch We have observed that the spool valve controlling the inlet 
and outlet paths changes state within 40 ms, so it might he expected 
that the flow disruption would be of similar length. However, 
distensibility in the test system results m ringing which lasts 
considerably longer. Fig. 4 shows flowmeter data collected during a 
piston reversal using 2 m lengths of polyester (Fig. 4a), latex (Fig. 4b) 
and copper (Fig. 4c) tubes. The minimum ringing time of about 400 ms, 
was obtained with polyester tubing. Clearly, the duration and shape of 
the flow disruption depend strongly on the materials used in the driven 
hydraulic system, with a minimum interval of about 400 ms required to 
return to steady flow after a piston reversal. 
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Fig 4.  Flowmeter measurements of the flow disruption which occurs after valve 

switching and piston reversal.  Measurements were made while pumping 
through 2m of (a) polyester, (b) latex and (c) copper tubing.  Steady flow is 
re-established most quickly in the polyester tubing. 

 

While the production of steady flow is an essential feature of flow simulation, 
steady flow alone is not sufficient for in vitro studies of vascular 
haemodynamics.  Therefore, we have evaluated the capabilities of our pump, 
to produce time-varying flow waveforms, such as sinusoids and physiological 
waveforms. Fig. 5a is a plot of data obtained with a flowmeter when the pump 
was programmed to produce a 5 Hz sine wave with an amplitude of 10 ml s-1, 
using a 20 cm length of polyester tubing on the pump outlet. These data were 
Fourier transformed to obtain the power spectrum plotted in Fig. 5b, where we 
observe that the power is mainly at the programmed frequency, with less than 
0.3 per cent of the total power contained in harmonics at 10 and 15 Hz. To 
investigate the frequency response of the pump, we have collected flow 
waveforms during the production of sine waves ranging in frequency from 1 to 
30 Hz, with an amplitude of 20 ml s-1. For these tests, the impedance of the 
outlet hose and flowmeter probe (diameter 3.2 mm) provided a suitable load, 
such that steady flow of 10 ml s-1 resulted in a gauge pressure of 22.5 kPa at 
the pump outlet. The Fourier transform of these sinusoidal waveforms 
provided frequency domain spectra similar to that shown in Fig. 5b, and from 
these plots it was possible to determine the observed flow amplitude within a 
1.2 Hz bandwidth about the fundamental frequency. The amplitude ratio was 
calculated as the ratio of the observed flow amplitude to the requested flow 
amplitude, and in Fig. 5c we have plotted this amplitude ratio as a function of 
frequency. Fig. 5c indicates a nearly flat frequency response to about 10 Hz, 
dropping to -6 dB at about 19 Hz. Previous in vivo flow studies (PATEL et al., 
1965; WERNECK et al., 1984) have shown that frequency components above 
12 Hz are insignificant in the peripheral vasculature. Thus, our system can 
provide physiological flow waveforms without a correction (PETERSEN, 1984) 
for diminished high frequency response. 
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Fig. 5  (a) Flowmeter measurements of the pump output for a programmed flow 
waveform of a 5 Hz, 10 ml s-1 sine wave.  (b) Power spectrum of the data 
plotted in (a), showing the small contribution of harmonics at 10 and 15 Hz.  
(c) Frequency response of the pump, indicated by the amplitude ratio as a 
function of frequency.  Error bars are smaller than the points. 

 

To test the ability of the pump to reproduce physiological flow waveforms we 
have programmed our device with a waveform typical of the common femoral 
artery during rest (MARQUIS et al., 1986). Fig. 6a shows the results of our 
flowmeter measurements using this waveform, with the programmed flow rate 
superimposed for comparison. The small discrepancy between programmed 
and measured flow rates is probably due to tube compliance. We have also 
used the pump to produce physiological flow waveforms for Doppler 
ultrasound analysis. Fig. 6b is a velocity sonogram obtained with the pump 
programmed to simulate flow in the common carotid artery, showing results 
which are very similar to those obtained clinically from normal subjects 
(TAYLOR, 1988). 

 
 

Fig. 6  (a)  Flowmeter measurements of a simulated femoral flow waveform 
(solidline), compared with the programmed waveform (broken line); (b) 
Doppler ultrasound sonogram of a simulated common carotid waveform 
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Cycle-to-cycle reproducibility was investigated by programming the pump to 
produce continuous cycles (60 per min) of the common carotid flow waveform 
while recording the observed flow with the electromagnetic flow meter. Data 
acquisition was gated to start collection 0.2 s before peak systole and 
continue for a period of 0.98s, over which time 512 flow-rate values were 
recorded. Two thousand cycles were digitally recorded over a period of 66 
min, producing a data set consisting of 2000 flow waveforms with 1.9 ms 
temporal resolution. Fig. 7 shows a superposition of these 2000 waveforms. 
The width of the curve, plotted in Fig. 7, shows the maximum spread of flow 
rates observed during the 66 min experiment, thus indicating the largest 
possible deviation in the flow rate waveforms. As Fig. 7 shows only the 
maximum spread of flow rates, we have calculated a histogram of flow rates 
at each temporal point in the cycle by placing the 2000 measured values into 
bins of width 87 µl s-1.  For example, in Fig. 8a we show a plot of one such 
histogram, obtained from measurements made 0.04 s after initiation of data 
collection (position a in Fig. 7). The distribution of flow rates is centred at 5.28 
ml s-1, with a standard deviation of 0.07 ml s-1. Fig. 8b shows another 
distribution, obtained near peak systole (position b in Fig. 7). This histogram 
has a mean value of 22 ml s-1 and a standard deviation of 0.13 ml s-1. The 
average standard deviation of the 512 observed distributions is 0.1 ml s-1. 
At points when the carotid waveform of Fig. 7 exhibits a large negative slope 
(position c), the flow rate histograms are split into bimodal distributions, as 
shown in Fig 8c. These two distributions represent a difference in output from 
the two independent cylinders of the pump. This small discrepancy in output 
from the left and right cylinders is probably due to slight differences in 
compliance in the cylinder walls and associated tubing. 
 

 
 
Fig. 7  Measurement of waveform reproducibility.  2000 repetitions of a common 

carotid flow waveform were acquired and superimposed to produce this plot.  
The width of the curve represents the maximum excursion of the flow-rate 
distributions.  The arrows refer to points where flow-rate histograms are 
calculated and displayed in Fig. 8 

 

 
 

Fig. 8  Flow rate frequency distributions, measured at the three points indicated on 
the carotid waveform of Fig. 7.  Histrograms for (a) t = 0.04 s; (b) t = 0.21 
s; (c) t = 0.28 s have been plotted with the same time axis scale, for 
comparison.  The distribution of Fig. 8c is bimodal, indicating a small 
difference in flow from the two pump cylinders. 
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We have shown that it is possible to produce both pulsatile and steady flow 
waveforms with a computer-controlled, positive-displacement pump. This 
pump has advantages over previous designs, such as a nearly 100 per cent 
duty cycle for steady flow by virtue of the dual cylinders. When the pump is 
programmed to reproduce a steady volume flow rate typical of the Cycle-to-
cycle reproducibility was investigated by programming the pump to produce 
continuous cycles (60 per min) of the common carotid flow waveform while 
recording the observed flow with the electromagnetic flow meter. Data 
acquisition was gated to start collection 0.2 s before peak systole and 
continue for a period of 0.98s, over which time 512 flow-rate values were 
recorded. Two thousand cycles were digitally recorded over a period of 66 
min, producing a data set consisting of 2000 flow waveforms with 1.9 ms 
temporal resolution. Fig. 7 shows a superposition of these 2000 waveforms. 
The width of the curve, plotted in Fig. 7, shows the maximum spread of flow 
rates observed during the 66 min experiment, thus indicating the largest 
possible deviation in the flow rate waveforms. As Fig. 7 shows only the 
maximum spread of flow rates, we have calculated a histogram of flow rates 
at each temporal point in the cycle by placing the 2000 measured values into 
bins of width 87 µl s-1.  For example, in Fig. 8a we show a plot of one such 
histogram, obtained from measurements made 0.04 s after initiation of data 
collection (position a in Fig. 7). The distribution of flow rates is centred at 5.28 
ml s-1, with a standard deviation of 0.07 ml s-1. Fig. 8b shows another 
distribution, obtained near peak systole (position b in Fig. 7). This histogram 
has a mean value of 22 ml s-1 and a standard deviation of 0.13 ml s-1. The 
average standard deviation of the 512 observed distributions is 0.1 ml s-1. 
At points when the carotid waveform of Fig. 7 exhibits a large negative slope 
(position c), the flow rate histograms are split into bimodal distributions, as 
shown in Fig 8c. These two distributions represent a difference in output from 
the two independent cylinders of the pump. This small discrepancy in output 
from the left and right cylinders is probably due to slight differences in 
compliance in the cylinder walls and associated tubing. 
peripheral vasculature, the time between valve switches is 12 s, which is long 
in comparison to the observed duration of the flow disruption. The 0.4 s flow 
disturbance is less disruptive in pulsatile wave forms, because valve switching 
and associated piston reversal can occur at a point of little or zero flow. Also, 
the controller provides a TTL signal so that this flow disruption can be 
excluded from data collection. 

There is no requirement for continuous feedback with this pump, as the open-
loop performance is observed to be extremely stable for long periods of time. 
The basic design of our pump is also easily modified to accommodate larger 
or smaller flow rates because maximum flow rate depends only on piston 
diameter and available motor torque. 

The pump is ideal for the absolute calibration of clinical Doppler ultrasound 
instruments. Previous authors (SHORTLAND arid COCHRANE, 1989; HOSKINS et 
al., 1989) have discussed the importance of verification of both volume flow 
rate measurements and pulsatility indices. The positive displacement design 
of our pump makes it an absolute flow source, eliminating the need for 
additional instrumentation to measure the true flow rate. The piston design 
makes a large range of flow rates possible and minimises particulate damage 
and bubble formation. The ability of our pump to produce physiologically 
correct waveforms with short rise times and reverse flow allows the in vitro 
investigation of more complex Doppler measurements such as pulsatility 
indices. 

Although it is possible to produce an accurate, reproducible flow waveform at 
the outlet of this pump, we have found that the compliance of the driven 
system is extremely important in determining the waveform at the actual 
measurement point. This fact is of particular importance when the pump is 
located far from the measurement point, such as for magnetic resonance 
studies. In this case, it is important that the transfer function of the driven 
system be taken into account when programming the waveform to be 
produced at the pump outlet. We have also found that the accurate 
transmission of pulsatile waveforms is dependent on the proper choice of both 
tube compliance and downstream resistance. Clearly, further study of this 
problem is required. 
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