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Biomechanical changes and abnorm a l i-
ties are now well recognized in diabetic
n e u ropathy (1). Most of the work has

c e n t e red on elevated foot pre s s u re and has
demonstrated its important role in neuro-
pathic foot ulceration (2,3). There is limited
l i t e r a t u re, however, on other aspects of gait
analysis in diabetes, in particular on the

f o rces used during walking. It might be
expected that both the impairment of pro-
prioception and the reduction in motor
s t rength that result from neuropathy would
i n t e rf e re with normal gait. Furt h e rm o re ,
because pre s s u re equals force divided by
a rea, changes in the forces applied thro u g h
the foot during walking may be an impor-

tant component in pre s s u re-induced foot
ulcers. Earlier work suggested that neuro p a-
thy leads to reduced ankle plantar fle x i o n
s t rength (4,5). In a pre l i m i n a ry study, we
demonstrated the presence of lower peak
v e rtical forces (6). However, because walk-
ing speed was not controlled for in these
studies and neuropathic subjects walked
m o re slowly than control subjects, it was not
possible to determine whether gait changes
w e re related to walking speed or were
d i rectly caused by neuro p a t h y.

T h e re f o re, this study examined, in a
relatively large group of subjects, the eff e c t
of neuropathy on the forces applied thro u g h
the foot during walking.

RESEARCH DESIGN AND
M E T H O D S — The study was appro v e d
by the local ethics committee. Consecutive
patients attending the Diabetes Centre and
foot clinic were invited to take part. Patients
w e re included if they fell into one of four
categories: diabetic control subjects without
n e u ropathy (D); diabetic neuro p a t h i c
patients without a history of foot ulceration
(DN); diabetic neuropathic patients with a
h i s t o ry of foot ulceration (DNU); and dia-
betic patients with Charcot neuro - a rt h ro p a-
thy (CH). Healthy control subjects (C) were
re c ruited from people accompanying
patients and from hospital staff. There were
181 subjects re c ruited, and full demo-
graphic details are shown in Table 1.

The presence of neuropathy was
d e fined as a peroneal nerve conduction
velocity (NCV) 40 m/s or at least two out
of the following three abnormal quantita-
tive sensory tests (with skin temperature
maintained at 30°C using a warm e d
heating pad): 1) vibration perc e p t i o n
t h reshold (VPT) 20 V at the great toe; 2)
p re s s u re perception threshold (PPT) 1 g
( m o n o filament 4.17) over the plantar sur-
face of the foot; and 3) warm thermal per-
ception threshold (TPT) 2°C on the
dorsal surface of the foot. These limits cor-
respond to the mean ± 2 SDs of norm a l
healthy subjects in our own laboratory.
Patients were excluded if they were older
than 75 years or had active foot ulcers, evi-
dence of peripheral vascular disease (ankle
brachial pre s s u re index 0.85 or symp-
toms of intermittent claudication), signifi-
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An Analysis of Dynamic Forces Tr a n s m i t t e d
T h rough the Foot in Diabetic Neuro p a t h y

O R I G I N A L  A R T I C L E

O B J E C T I V E — Biomechanical studies in diabetic neuropathy have clearly demonstrated
a b n o rmal foot pre s s u res, but information on other aspects of gait is limited. This study aimed
to investigate and describe the forces transmitted through the foot during walking in diabetic
subjects with varying degrees of peripheral neuropathy and to determine if abnormalities in
these forces might contribute to the risk of plantar ulceration.

RESEARCH DESIGN AND METHODS — Subjects from the following groups were
included: healthy control subjects (C); diabetic control subjects (D); subjects with diabetic neu-
ropathy (DN); subjects with previous neuropathic ulceration (DNU); and subjects with Char-
cot neuro - a rt h ropathy (CH). Gait analysis was perf o rmed as subjects walked over a Kistler forc e
plate. Peak forces were measured (as percent body weight) in the vertical and horizontal planes.
Comparisons were made between all of the groups and between each diabetic group and a
healthy control group matched for walking speed.

R E S U LT S — T h e re were 181 subjects studied. In comparison with that of the speed-
matched controls, the mean peak vertical force was higher in each of the diabetic groups, espe-
cially in the most neuropathic subjects (DNU, 113 vs. 110%, P 0.01). This increase was
e n t i rely due to higher forces during heel contact (DNU, 111 vs. 106%, P 0.001). The single
peak force occurred during heel strike (rather than during foot push-off) in 23–38% of foot-
steps of healthy and diabetic control subjects but in 53–73% of footsteps of neuropathic sub-
jects. There was also a trend for higher peak medial forces (CH, 6.2 vs. 5.5%, P 0 . 0 5 ) .

C O N C L U S I O N S — Diabetic neuropathy is associated with a change in the time pattern of
the forces transmitted through the foot and an increase in the vertical forces through the heel.
The magnitude of the changes is small in absolute terms, but these changes may contribute to
the risk of plantar foot ulceration.
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cant orthopedic or neuromuscular disease
(other than diabetic neuropathy), or were
o t h e rwise unable to perf o rm gait trials.
NCV in the common peroneal nerve was
assessed using the Medelec electro p h y s i o-
logical system (Medelec, Old Wo k i n g ,
U.K.), using surface electrodes (7). VPT
was measured using the Neuro t h e s i o m e t e r
( H o rwell, Nottingham, U.K.) at the gre a t
toe (8). The mean of three readings at vari-
able speeds of voltage increase was taken.
PPT was assessed using a set of monofil a-
ments (Hansens Disease Center, Carv i l l e ,
LA) bending with 1, 10, and 75-g forc e
respectively on three diff e rent sites on the
plantar surface of the foot. TPT was meas-
u red using a thermoaesthesiometer (VU,
A m s t e rdam) operating on the Peltier prin-
ciple and using two-alternative forc e d -
choice methodology (9).

Gait analysis was perf o rmed with the
Vifor system (Lic Orthopaedics, Norr-
köping, Sweden). A Kistler force plate
(Kistler Instruments, Wi n t e rt h u r, Switzer-
land) that measures the ground re a c t i o n
f o rce (GRF) is embedded in an 8-m walk-
w a y. The GRF is the total instantaneous

resultant force between the foot and
g round. Its site of action can be only
c rudely determined as heel or fore f o o t
a c c o rding to the timing of the force and the
known contact of the foot with the gro u n d
at that part of the gait cycle. The output of
the plate is connected to a computer, and a
visual re c o rd is made in both sagittal and
f rontal planes by two video cameras. Tw o
photo cells, one on either side of the forc e
plate, are used to measure walking speed.
At the completion of each walking trial, the
system generates summary statistics of the
peak GRFs in each of the vertical, forw a rd ,
b a c k w a rd, medial, and lateral dire c t i o n s ,
along with speed, ground contact time, and
timing of the peak vertical force. Subse-
quent digitization of the instantaneous
f o rce vector, as re c o rded on each frame of
the video (25 frames/s) throughout each
footstep on the force plate, allows a more
detailed analysis of the forces. All force data
a re expressed as percentage of body weight.
All the summary data were analyzed, and
f rom digitization, the two peaks (occurr i n g
during heel contact and push-off) and the
t rough value were obtained (Fig. 1). For
each subject, three trials were perf o rm e d
for each leg, and as in other studies, sub-
jects wore their own shoes (6,10). The
mean values for each leg were treated sep-
a r a t e l y, so that, for example, 10 subjects
would provide 20 sets of data.

After familiarization with the walkway
and measurement of “normal” step length,
each subject was positioned so that while
walking along the walkway, the target foot
would naturally land on the force plate. The
issue of whether or not to control walking
speed during gait trials was addressed by
allowing all subjects to perf o rm the trials at
their own speed; and then a subgroup of
healthy control subjects perf o rmed multi-
ple trials across a range of speeds. For com-
parison with each diabetic group, single
trials were selected from healthy contro l

subjects to match on a two-to-one basis the
speed from the mean of three trials for each
leg from each diabetic subject. Thus, for
each diabetic patient, two sets of mean val-
ues of gait parameters (peak vertical forc e ,
walking speed, etc.) were obtained (one
for each leg). Two speed-matched contro l
trials were then selected for comparison to
each set of mean values.

Statistical analysis
Comparisons between multiple gro u p s
w e re made using one-way analysis of vari-
ance followed by pair-wise comparisons
using Tu k e y ’s correction for multiple com-
parisons. Student’s t tests were used to com-
p a re results from each diabetic group to the
matched control subjects.

R E S U LT S — T h e re were 181 subjects
studied. Demographic and neuro p a t h y
data demonstrate that the groups were
matched for age, sex, diabetes type, and
duration, whereas neuropathy incre a s e d
a c ross the groups (Table 1). Table 2 shows
the force data for each group when walking
at their own speed. The walking speed was
lower in all diabetic groups than in the
c o n t rol group, and speed was slowest in
patients with more severe neuro p a t h y. As
speed fell in the neuropathic groups, the
reduction in peak vertical force was much
s m a l l e r. Sixteen control subjects (12 men,
mean age 48 years, mean weight 78.6 kg)
p e rf o rmed multiple trials (mean 18) at dif-
f e rent speeds (range 0.77–1.68 m/sec).
This subgroup of control subjects did not
d i ffer from any of the diabetic groups with
re g a rd to age, weight, or percentage of men.
Tables 3 and 4 show comparisons when
speed-matched control trials were com-
p a red with each of the diabetic groups. In
Table 3, the GRF data are shown. The peak
v e rtical force was significantly greater in
each of the diabetic groups than in the con-
t rol group, and the diff e rence was most

Table 1—Demographic and neurological characteristics of subjects by group

Diabetes
duration % Type 1 Weight

Group n % Men Age (years) diabetes (kg) VPT (V) PPT TPT (°C) NCV (m/s)

C 22 68 52.1 ± 10.1 — — 77.8 ± 13.8 6 (5–9)‡ 4 (4–4)‡ 0.5 (0.5–0.5)‡ 49 (46–51)‡
D 51 50* 52.3 ± 9.9 17.4 ± 12.8 49 74.0 ± 13.4† 13 (7–15)‡ 4 (4–4)‡ 0.5 (0.5–0.5)‡ 44 (41–45)‡
DN 60 78 54.5 ± 10.9 19.4 ± 11.7 50 79.8 ± 14.1 24.5 (17–32)§ 5 (4–6)§ 6.0 (1.0–9.5)§ 36 (33–39)
DNU 34 65 53.8 ± 8.8 19.9 ± 10.7 47 82.6 ± 18.9 29 (21–40) 6 (5–6) 8.5 (5.0–11.0) 32 (21–38)
CH 14 71 54.3 ± 10.0 22.2 ± 12.4 50 87.2 ± 12.0 35 (32–46) 6 (5–7) 9.5 (7.5–11.0) 29 (26–32)

Data are n, means ± SD, and medians (interq u a rtile range). *P 0.05 vs. DN; †P 0.05 vs. CH; ‡P 0.001 vs. DN, DNU, and CH; §P 0.01 vs CH; P 0.01 vs. D.

F i g u re 1—A typical plot of vertical ground re a c -
tion force against time, during a single footstep.
Two peaks separated by one trough are shown.
F1, heel contact peak; F2, trough; F3, push-off
peak. In this case, F3 is the single peak force.



DIABETES CARE, VOLUME 21, NUMBER 11, NOVEMBER 1998 1957

Shaw and Associates

marked in the neuropathic groups. Wi t h i n
the horizontal forces, only the peak medial
f o rce showed a consistent trend: it was
g reater in the neuropathic groups than in
the control group. Neuropathy was associ-
ated with a change in the time pattern of
f o rces transmitted through the foot. F o r
both healthy and diabetic control subjects,
the peak vertical force mainly occurre d
during push-off, but in the neuro p a t h i c
patients, the peak was much more likely to
occur during heel contact. The perc e n t a g e
of footsteps in which the single peak vert i-
cal force occurred during heel contact was
similar in group D compared with speed-
matched control subjects (38 vs. 25%, P
0.05), but it was higher in group DN (53
vs. 29%, P 0.0001), group DNU (55 vs.
26%, P 0.0001), and group CH (73 vs.
23%, P 0.0001). In the CH group, the
peak occurred during heel contact in 83%
of footsteps of CH feet and in 53% of foot-
steps from the non-Charcot feet. Table 4
shows a separate analysis of the peak forc e s
during heel contact and push-off. This
demonstrates that there were no signifi-
cant changes in the forces transmitted
t h rough the forefoot at push-off (F3),
except in the CH group, where a re d u c t i o n
was seen but there was a signific a n t

i n c rease in the peak forces during heel con-
tact (F1). This increase was present in every
diabetic group but was greatest in the more
n e u ropathic groups. There f o re, the shift of
the timing of the single peak vertical forc e
was predominantly due to increased heel
f o rces, rather than reduced push-off forc e s .

C O N C L U S I O N S — N o rmal walking
re q u i res both sensory input to modify
l e a rned motor patterns and muscular out-
put to execute the desired action. The sen-
s o ry input comes from visual and vestibular
systems, as well as from pro p r i o c e p t i v e
i n f o rmation, mainly from the lower limbs.
Thus, the often severe effects of diabetic
n e u ropathy might be expected to have a
measurable effect on gait patterns. Abnor-
malities have already been demonstrated in
static postural control in a number of stud-
ies (11,12) and are thought to contribute to
an increased risk of falling in diabetic neu-
ropathy (13). Changes in the dynamic pat-
t e rns of gait might also affect the forc e s
transmitted through the foot, thereby alter-
ing pre s s u res and increasing the risk of
foot ulcers. In the only two related studies
on gait analysis in diabetes of which we are
a w a re, Mueller and colleagues (4,10)
re p o rted data from a small group of sub-

jects that suggest reduced strength of ankle
plantar flexion and the adoption of a “hip
strategy” of walking, whereby the leg is
pulled forw a rd from the hip rather than
being pushed forw a rd by the foot.

The interpretation of gait has often
been limited by small sample sizes and fail-
u re to control for walking speed, which
i n fluences almost every gait parameter. In
common with many other neuro m u s c u l a r
d i s o rders, diabetic neuropathy re d u c e s
walking speed, making gait comparisons
d i fficult with both healthy and diabetic
c o n t rol subjects. We chose to overc o m e
this problem by re c o rding gait trials in all
patients at their own natural speed, and
then re c o rding multiple trials at a range of
speeds in 16 normal control subjects. This
allowed each group of patients to be com-
p a red with a control group accurately
matched for speed. Thus, the impact of
speed on other gait parameters is not a
confounding factor in this study. Furt h e r-
m o re, by limiting the imposition of speed
restrictions to the fittest and most able sub-
jects (i.e., the healthy control subjects), we
limited the possible adverse effect of walk-
ing at an “unnatural” speed.

The effects of neuropathy are mainly
seen in the vertical forces. The incre a s e d

Table 2—Gait data for each group walking at their own speed

Ground contact Speed Peak ground reaction force (% body weight)
Group (ms) (m/s) Vertical Forward Backward Medial Lateral

C 676 ± 61* 1.31 ± 0.10§ 118 ± 6.0 21 ± 2.5# 18 ± 2.5 5.6 ± 1.6 3.9 ± 1.4
D 704 ± 70† 1.15 ± 0.17 114 ± 6.8 18 ± 3.8¶ 16 ± 4.3 5.6 ± 1.5† 3.8 ± 1.5
DN 717 ± 68 1.19 ± 0.21† 116 ± 9.0¶ 19 ± 5.3 17 ± 5.1 6.2 ± 1.7 3.7 ± 1.7
DNU 742 ± 81 1.08 ± 0.19 113 ± 6.8 17 ± 3.7 16 ± 3.9 5.9 ± 1.7 3.5 ± 1.7
CH 767 ± 88‡ 1.05 ± 0.20 114 ± 7.5 15 ± 3.3** 16 ± 2.9 6.2 ± 1.5 2.6 ± 1.0**

Data are means ± SD. *P 0.01 vs. DN, DNU, and CH; †P 0.01 vs. DNU and CH; ‡P 0.05 vs. DN; §P 0.001 vs. all groups; P 0.01 vs. D and DNU;
¶P 0.01 vs. DNU; #P 0.01 vs. D, DNU, and CH; **P 0.01 vs. C, D, and DN.

Table 3—Gait data for each group compared with speed-matched control subjects

Ground contact Peak ground reaction force (% body weight)
(ms) Speed (ms 1) Vertical Forward Backward Medial Lateral

C matched to D 768 ± 86 1.15 ± 0.17 112 ± 5.5 18 ± 3.2 16 ± 2.8 5.5 ± 1.5 3.6 ± 1.6
D 704 ± 70‡ 1.15 ± 0.17 114 ± 6.8‡ 18 ± 3.8 16 ± 4.3 5.6 ± 1.5 3.8 ± 1.5

C matched to DN 757 ± 99 1.19 ± 0.20 113 ± 6.6 18 ± 3.7 17 ± 4.2 5.7 ± 1.5 3.7 ± 1.7
DN 717 ± 68‡ 1.19 ± 0.21 116 ± 9.0‡ 19 ± 5.3 17 ± 5.1 6.2 ± 1.7† 3.7 ± 1.7

C matched to DNU 798 ± 91 1.08 ± 0.18 110 ± 5.5 17 ± 3.2 15 ± 2.9 5.4 ± 1.4 3.3 ± 1.4
DNU 742 ± 81‡ 1.08 ± 0.19 113 ± 6.8† 17 ± 3.7 16 ± 3.9 5.9 ± 1.7 3.5 ± 1.7

C matched to CH 807 ± 107 1.05 ± 0.21 110 ± 5.9 17 ± 3.8 15 ± 2.9 5.5 ± 1.5 3.0 ± 1.6
CH 767 ± 88 1.05 ± 0.20 114 ± 7.5* 15 ± 3.3* 16 ± 2.9 6.2 ± 1.5* 2.6 ± 1.0

Data are means ± SD. *P 0.05 vs. matched control subject; †P 0.01 vs. matched control subject; ‡P 0.001 vs matched control subject.



f o rces are evident when looking at the over-
all peak forces (Table 3). In addition to
this, there was a major change in the timing
of forces, in which the single peak forc e
usually occurred through the forefoot dur-
ing push-off in the control subjects, but
mainly through the heel during heel con-
tact in neuropathic subjects. The separate
analysis of heel contact and push-off forc e s
demonstrates that all the changes are
o c c u rring during heel contact. There was
no reduction in the push-off forces (except
in CH), which would be expected to re fle c t
the strength of ankle plantar flexion. The
i n c reased vertical forces during heel contact
(constituting a doubling in the additional
f o rce over body weight) presumably re l a t e
to either a faster descent of the foot toward s
the ground or perhaps a failure to effect a
smooth vertical deceleration after the initial
heel contact. Both of these could be due to
s e n s o ry impairment, leading either to a
need to have a more forceful ground con-
tact to give a “normal” sensation or to
u n a w a reness of the initial heel–gro u n d
contact. Whatever the cause of the incre a s e
in heel forces, it is probably an import a n t
cause of the increased heel pre s s u res that
have been seen in other studies (14) and
may contribute to plantar ulceration. High
peak forefoot pre s s u res, however, would
appear to be due to altered foot shape, with
consequent reduction in ground contact
a rea, and limited joint mobility (15), with
no contribution from the force. One could
speculate that a faster descent of the heel is
associated with a faster forefoot descent
(foot slap), which might lead to an early
rise in forefoot force and pre s s u re, while
not affecting peak forces and pre s s u re s
o c c u rring later in the stance phase.

This is one of the first studies to re p o rt
on the horizontal or shear forces applied to
the neuropathic foot. In the work by

Mueller et al. (4), the medial–lateral hori-
zontal forces were increased in neuro p a t h y,
but the subject numbers were small, the
g roups were not matched for speed, and
the diff e rences were of only borderline sta-
tistical significance. Nevertheless, our
results showed similar trends. It has often
been speculated that shear force has a
major role to play in neuropathic ulceration
(16), but the data re p o rted here seem not to
s u p p o rt this hypothesis with re g a rd to
plantar ulceration. Although two of the
n e u ropathic groups had slightly incre a s e d
medial forces, probably indicating a more
b roadly based gait, the magnitude of the
f o rces was much less than that of vert i c a l
f o rces. There f o re, shear forces would seem
unlikely to play a significant role in plantar
ulceration, unless shear forces (resulting in
tissue stretching) have diff e rent effects on
tissue than do vertical forces (resulting in
tissue compression). However, we were
examining only the interface between shoe
and flo o r, and we were only able to meas-
u re the total resultant forces on the foot.
Thus, when technologies are developed
that can measure shear forces at diff e re n t
sites on the foot, this question can be
a d d ressed more accurately.

Overall, the abnormalities of the forc e s
used during walking demonstrated in this
study are modest, and they are cert a i n l y
much smaller than the changes observed in
foot pre s s u res. This indicates that despite a
major sensory loss coupled with distal
motor weakness, walking along a flat sur-
face can be perf o rmed with only minor
p e rturbations of gait. This suggests that
walking along a flat surface is pre d o m i-
nantly a learned and automatic function, or
as recently pointed out (17), the additional
attention re q u i red from neuro p a t h i c
patients is small in these circumstances. It
may be that it is only on a more challeng-

ing (and more normal) surface that gre a t e r
d i ff e rences can be found.

In conclusion, we have shown in a
l a rge study that vertical forces through the
heel during walking are increased in dia-
betic neuropathy and that this might
explain increased plantar heel pre s s u re s
and contribute to the risk of foot ulceration.
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