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after 30 min, applied pressures of 80 and 120 mm Hg resulted
in approximately 20% and 30% declines in nerve function,
respectively. When the nerve was allowed to recover by releasing
pressure, compound action potential amplitude returned to within
5% of its pre-compression value after applied pressure of 80 mm Hg
after 30 min, but remained almost 20% below its pre-compression
value after applied pressure of 120 mm Hg.

Changes to handcuff design have been relatively minor over
the past century. The basic design comprises double and singles
semicircular strands which interlocks and tighten by engaging a
ratchet mechanism. Once interlocked, the ratchet can be advanced
to tighten the strands. However, the ratchet cannot be reversed,
preventing the strands from loosening unless the strands are
unlocked with a key. Once adequately tightened, the strands are
normally locked in place by setting a pin, referred to as a double-
lock, to prevent further tightening. Failure to set the double-lock,
allows the ratchet to slip and risks additional tightening. Thus,
pressure on the superficial radial nerve may arise from the initial
tightening of the strands or from slipping of the ratchet if the
double-lock is not engaged.

Given some recent changes to handcuff design, notably in the
contour and smoothness of the strands, we determined to compare
the risk of loss of superficial radial nerve function due to prolonged
handcuff pressure with different handcuff designs. We hypothesized
that the pressure applied to the superficial radial nerve by tightened
handcuffs could readily exceed nerve injury thresholds and that
strand smoothness would not modify the risk of neuropathy since
the internal pressure would be related directly to the magnitude
of the load. To test our hypothesis, we created models of the wrist
with a fluid filled flexible tube positioned at the location of the
superficial radial nerve. The tube served as a surrogate nerve and
allowed us to measure the internal pressure when the handcuff was
tightened or when a constant force was applied.

METHODOLOGY

Apparatus

Physical models were constructed to represent the wrist of a
female and male, based on anthropometric data [15]. Each model
consisted of two wooden dowels joined with a bolt, to simulate
the radius and ulna. In addition to stabilizing the dowels, the bolt
permitted adjustment of the separation distance. Dowels of 3.175
cm diameter, separated to create a width of 7 cm, were used to
model the wrist of a male. Dowels of 2.54 cm diameter, separated to
create a width of 5.5 cm, were used to model the wrist of a female.
The wrist width, rather than the wrist thickness, was considered to
be the critical dimension, since the relatively circular shape of the
handcuff strands dictates that the pressure points are at the lateral
and medial margins of the wrist, i.e. the wrist width is greater than
its thickness. A silicone tube with an inside diameter of 1 mm and
outside diameter of 2 mm was taped along the side of one of the
dowels to serve as a surrogate for the superficial radial nerve (Figure
1). A small foam pad, approximately 5 mm thick was placed over
the tube to ensure that the handcuff would not pinch off the tube
as it was tightened or loaded. The tube was filled with mineral oil
and connected to a pressure sensor (Focket 30 PSI, China). The
mineral oil was pressurized by means of a syringe attached to a
valve connected to the tube (Figure 1) prior to testing, such that
all measurements were made as increases in pressure relative to the
baseline of the pressurized tube. A series of tests were conducted at

different baseline pressure levels which established that the change
in tube pressure, produced by repeatedly applying the same load to
the tube, did not vary with baseline pressure, i.e., there was a fixed
relation between load and change in tube pressure. Therefore, no
attempt was made to maintain the same baseline pressure during
testing.

Two handcuff designs were compared (Figure 1A). One design
was a standard design used by the majority of manufacturers. The
model which was tested was the Smith and Wesson M-100. The
second design involves a modification to the strand shape, creating
a more oval contour and a smoother edge. The model which was
tested was the ASP Ultra Plus.

Protocol

Three basic tests were performed to determine the tube pressure
created by tightening or loading the handcuff. The first test
involved incrementally increasing the handcuff tightness by one
ratchet tooth until pressure first rose above baseline. Tube pressure
measurements were then made for each additional advance of
the ratchet, until the ratchet could not be advanced to the next
tooth, i.e., the tightness limit had been reached. During this test,
the dowels were clamped to a countertop using C-clamps (Figure
1B). Between each measurement, the handcuff was loosened. Tube
pressure was measured continuously over a 4 s interval, beginning
when the handcuff was loose and ending after the ratchet had been
advanced to the desired tightness (Figure 2).

Figure 1: A) Handcuff models used in tests. B) Test setup for handcuff
tightness tests showing wrist model, comprising wooden dowels and
pressurized tube. C) Setup for handcuff loading tests showing cable
from which weights were hung to apply pressure to the tube.

Figure 2: Tube pressure record during tightening of handcuff. Applied
pressure was calculated as the difference between the mean pressure
over the first 100 ms, prior to tightening the handcuff, and the mean
pressure over final 500 ms, after the handcuffs had been tightened
and pressure had stabilized, indicated by the vertical dashed lines. The
difference in pressure for the record shown in the plot was 113 mm Hg.



3

Desmoulin GT, et al.

J Forensic Biomech, Vol. 13 Iss. 6 No: 1000410

The second test involved loading the handcuff with a series of
weights. In this test the dowels were clamped in a vise so that the tube
could be loaded vertically through the gravitational force applied by
the weights (Figure 1C). In one condition, the dowels were oriented
horizontally so that the load was applied perpendicular to the tube.
In a second condition, the dowels were inclined downward at a 30°
angle to create a slight tilt to the handcuff strands so that the load
would be applied more along the edge of the strand rather than
the center of the strand. The handcuff strands were engaged but
loose such that pressure was applied to the tube by adding weight
rather than by tightening the handcuff. A cable was passed through
a handcuff link and weights were attached to the cable such that
the handcuff applied pressure to the tube (Figure 1C). The weights
produced forces of 10.57 N, 20.65 N, 30.59 N, 41.75 N, 51.72
N and 62.41 N. Tube pressure was measured continuously from
before the weight was attached to the cable until the weight was
hanging in a steady state over a 10 s interval.

In the third test, like the second, the handcuff strands were engaged
but loose and the dowels were oriented horizontally. The handcuff
was loaded with the 20.65 N weights then tilted and released,
allowing it to rock back and forth without intervention for two
cycles. This test was only performed with the male wrist model and
was designed to simulate the variation in pressure when a detainee
twisted the handcuffs. The test focused on the variation in tube
pressure during oscillations rather than the steady state pressure for
a constant load. Tube pressure was again measured continuously,
beginning prior to the initial tilting of the handcuff and continuing
until the completion of two oscillations.

Data acquisition

Tube pressure was acquired at a sample rate of 1000 Hz. All
pressures are reported in mm Hg to allow for comparison with the
animal studies on isolated nerves [10,13,16]. The first two tests were
repeated 5 times and the third test was repeated 10 times. Prior
to analysis, the pressure signal was digitally low-pass filtered using
a fifth-order Butterworth filter with a cutoff frequency of 10 Hz,
implemented in Matlab.

Analysis

For the first two tests, baseline tube pressure was computed as
the average pressure during a 100 ms interval prior to tightening
or loading the handcuff. Final steady state tube pressure after
tightening or loading was computed as the average tube pressure
during the final 500 ms of the sampling period (Figure 2). The
mean and standard deviation of the change in tube pressure relative
to baseline of the 5 trials for each condition were then computed.
For loading tests, linear regression was also performed for the mean
change in tube pressure relative to baseline as a function of load
force. The slopes and intercepts for the two handcuff designs and
the two wrist models were compared using a two-sided Student’s
t-test.

For the third test, the handcuff was preloaded with the 20.65
N weights prior to the onset of recording. Baseline pressure was
computed as the average pressure during a 100 ms interval prior
to tilting the handcuff. Thus, it represented the pressure with
the 20.65 N loads, rather than the unloaded tube pressure. The
difference between the baseline and the average of the 3 tube
pressure peaks were recorded for each trial (Figure 3). The values

for the 10 trials conducted with each of the two handcuff designs
were then compared using a two-sided Student’s t-test.

RESULTS

We found that the ratchet mechanism could only be advanced by
one or two increments from the tightness at which tube pressure
first began to increase above baseline until the handcuff was so
tight that the ratchet could no longer be advanced by an additional
increment. The mean recorded changes in tube pressure, relative to
baseline (loose handcuff) for all handcuff tightness tests are shown
in Figure 4. The strands of the Smith and Wesson handcuff had a
smaller aperture than the ASP handcuff. Consequently, tightness
limits were reached at 3 fewer ratchet increments than for the ASP
handcuffs, for both the female and male wrist models. For both
male and female wrist models with the ASP handcuffs and for
the female wrist model with the Smith and Wesson handcuffs, it
was possible to advance the ratchet by two increments beyond the
strand position for which tube pressure first began to increase. In
these cases, the increase in tube pressure was greater for the second
increment than the first increment. In all cases, the mean tube
pressure exceeded 30 mm Hg at the final ratchet increment and in
3 of the 4 cases it exceeded 60 mm Hg.

The fixed distance between adjacent ratchet teeth and the small
number of ratchet increments between the minimum and maximum
tightness that could be tested, limited the amount of information
that could be derived. Furthermore, the tightness did not appear
to be comparable for the two handcuff designs. To better compare
the effect of handcuff design on nerve pressure, it was decided to
load each handcuff with a series of weights from which a general
relation could be derived between tube pressure and force applied
by the handcuff. The relations between applied force and the tube
pressure for the two handcuff designs and wrist models are shown
in Figure 5. The relations are very similar. A statistical comparison
was made between the handcuff designs and wrist models by
computing linear regression coefficients, i.e. slope and intercept,
for each handcuff design and wrist model and performing a two-
sided Student’s t-test. The regression coefficients are listed in Table
1. No significant differences in the slopes or intercepts were found
between the linear relations for the two handcuff designs for either
the male or female wrist models.

Tube pressure record during rocking motion after titling
the handcuff when loaded with 20.65 N weights. Change in pressure
was measured relative to mean pressure over 100 ms interval prior too
tilting the handcuff, shown by dashed vertical lines. Dashed horizontal
lines indicate pressure peaks during rocking, which were averaged to
quantify the effect of twisting the handcuff.

Figure 3:
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Figure 4: Mean and standard deviation of tube pressure created by tightening handcuffs. Numbers of handcuff strand ratchet increments relative
to loose handcuffs are indicated on the horizontal axis. Left panels show results for Smith and Wesson handcuffs for the two wrist models and
right panels show results for ASP handcuffs.

Figure 5: Comparison of tube pressure for loads applied to wrist models oriented horizontally. Mean pressure applied by Smith and Wesson
handcuffs shown by triangles. Mean pressure applied by ASP handcuffs shown by circles. Error bars indicated standard deviation.

Table 1: Linear regression, pressure vs. force.

Orientation Wrist model Handcuff Slope Standard error p-value Intercept Standard error p-value

Horizontal Female
ASP 10.39 2.5

0.437
39.7 22.6

0.438
S&W 10.92 2.17 10.9 16.7

Horizontal Male
ASP 12.29 0.52

0.152
6.9 5.1

0.48
S&W 12.16 2.46 11 24.2

30° Female
ASP 15.13 1.22

0.164
0.9 11.1

0.082
S&W 13.23 1.36 26.2 12.3

30° Male
ASP 6.53 1.98

0.152
74 17.9

0.154
S&W 9.86 2.3 46 20.9
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30 mm Hg, applied to the rat tibial nerve could lead to a 50%
decline in nerve function if applied for 3.25 h and that pressures
of 60 and 90 mm Hg could lead to 50% loss of nerve function
after 1 h. Studies conducted with the rabbit sciatic nerve suggested
that higher pressures were required to produce similar loss of nerve
function [13]. However, the rabbit sciatic nerve is approximately
twice the diameter of the human superficial radial nerve and,
therefore, has a more extensive intraneural vasculature, which
would reduce its susceptibility to nerve injury. [16] Examined
intraneural blood flow when pressure was applied to rabbit tibial
nerves and found that compression of 20 to 30 mm Hg retarded
venular blood flow. At 60 mm Hg there was complete ischemia
of the compressed nerve segment in 9 of 15 nerves, and 70 mm
Hg caused ischemia in all nerves but one, which was ischemic
when compressed at 80 mm Hg. Thus, loss of nerve function due
to prolonged pressure application is likely due to compromised
intraneural blood flow.

Tube pressures of 60 mm Hg or greater were achieved at maximum
handcuff tightness for both handcuff designs on the male wrist
model and for one of the handcuff designs on the female wrist model,
suggesting that tightening the handcuffs maximally would produce
significant loss of superficial radial nerve function within an hour.
Although general policies regarding detention in handcuffs dictate
that handcuffs be removed within one hour, nerve damage could
still occur within that time frame if the pressure is sufficiently high.
Furthermore, situations arise in which detainees are restrained in
handcuffs for periods exceeding one hour.

However, there were limitations to the initial tests of handcuff
tightness, given that there was no objective measure of tightness
and the pressure varied, depending on the size of the wrist
model. Therefore, the tightness tests could not be generalized to
an arbitrary wrist size. To circumvent this limitation, tests were
conducted in which the load was controlled and the same load was
applied with each handcuff design and each wrist model. When
the load was controlled, no significant difference was found in the
relation between applied force and tube pressure, which suggests
that pressure applied to the superficial radial nerve by a handcuff,
depends almost exclusively on handcuff tightness and that the
shape of the handcuff strand is not a consequential factor.

All tests with controlled loads, demonstrated that loads above 20 N,
a relatively small force, produced tube pressures greater than 60 mm
Hg. In tests conducted with a male and female subject, we found
that 20 N was approximately 20% of the maximum force which
the female subject could produce and 10% of the maximum force
which the male subject could produce when attempting to pull the
wrists apart while handcuffed. Thus, there is a significant risk that
even slightly over tightened handcuffs could produce superficial
radial neuropathy if maintained over a prolonged period.

We found that simple rocking motion of the handcuff strand
could increase tube pressure by over 45 mm Hg. Therefore, even if
handcuffs produce no pressure on the superficial radial nerve when
initially clamped around a detainee’s wrists, the pressure could
increase above 45 mm Hg if the detainee attempts to twist the wrists
in the handcuffs. Showed that cyclical compression of the rat tibial
nerve between 0 and 30 mm Hg could produce 20% loss of nerve
function after 3 h [10]. However, cyclical pressure between 20 and
50 mm Hg produced similar loss of nerve function after slightly
more than 1 h and after less than 1 h for cyclical compression
between 30 and 60 mm Hg. When prolonged for 3 h, cyclical
compression between 20 and 50 mm Hg produced approximately

Given that the strands of the ASP handcuffs had a more rounded
edge than the Smith and Wesson handcuffs, an additional test was
conducted with the wrist models inclined at an angle of 30° with
respect to horizontal such that the load was applied more towards
the edge of the handcuff strand. The resulting relations between
applied force and tube pressure are shown in Figure 6. Linear
regression analysis again indicated that there was no statistically
significant difference in the slopes of intercepts for the two
handcuff designs.

One final test was performed to simulate the effect of intermittently
twisting the handcuffs during which the load would be expected
to increase and decrease and the angle of the handcuff strand
changed relative to the surface of the wrist. During these tests the
handcuff was loaded with a weight of 20.65 N, tilted relative to the
horizontal then released and allowed to oscillate on its own. The
resulting change in tube pressure is shown in Figure 3. The tube
pressure increased as the handcuff was tilted and then oscillated
with decreasing amplitude for two cycles until the oscillation
ended. For the 10 trials, the mean increase in peak tube pressure,
relative to baseline, during the oscillations was 48.7 ± 2.3 mm Hg
for the Smith and Wesson handcuffs and 45.4 ± 7.5 mm Hg for the
ASP handcuffs. The values were not significantly different for the
two handcuff designs.

DISCUSSION

The objectives of our study were to determine the risk of injury to
the superficial radial nerve posed by pressure applied to the nerve
when handcuffs are fastened and manipulated and whether the
design of the handcuff strands can affect the risk. Models for a
male and a female wrist were constructed with a pressurized tube,
of similar diameter to the nerve, placed in a position simulating the
anatomical location of the superficial nerve relative to the radius.
The results indicate that relatively low handcuff forces produce
pressures which exceed thresholds for neuropathy if applied for
prolonged periods and that handcuff strand design has little effect
on the risk of nerve injury.

Numerous reports have documented the incidence of injury to
the superficial radial nerve when handcuffs are clamped around
the wrist over a prolonged period [1-9]. However, there has been
no systematic investigation of the relation between force applied
by handcuffs and the risk of injury to the superficial radial nerve.
We assumed that the threshold for injury would be similar to that
of the rat tibial nerve, which is similar in diameter to the human
superficial radial nerve. Showed that constant pressure, as low as

Figure 6: Comparison of tube pressure for loads applied to wrist
models oriented at 30° relative to horizontal. Mean pressure applied
by Smith and Wesson handcuffs shown by triangles. Mean pressure
applied by ASP handcuffs shown by circles. Error bars indicated
standard deviation.
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50% loss of nerve function, whereas cyclical compression between
30 and 60 mm Hg produced over 80% loss of nerve function.

CONCLUSION

Although over tightened handcuffs are a definite risk factor for
superficial radial nerve injury, manipulation of the handcuffs by
a detainee may pose an even greater risk. Given that twisting the
wrists inside the handcuffs could produce inadvertent additional
tightening of the handcuffs if the double-lock mechanism is not
engaged, there is an obligation to ensure that the individual
responsible for fastening the handcuffs is trained to appropriately
limit the tightness of the handcuffs, e.g. to ensure that a finger
can be inserted between the handcuff and the wrist, and that
the detainee is made aware of the risk of nerve injury posed by
struggling after handcuffs have been fastened around the wrists.
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